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METHODS AND APPARATI USING SINGLE POLYMER ANALYSIS

Field of the Invention

The invention relates to methods and apparati for analyzing single polymers such as

5 single nucleic acid molecules.

Background of the Invention

The polymerase chain reaction, cloning, and other amplification methods have been

the cornerstones of genetic analysis. Technologies that are deriving from these methods have

10 led to the genomics revolution that we see today. The sequencing of the human genome

published in 2001 has been made possible because ofthe ability to clone and amplify DNA.

Likewise, there are many other methods of analyzing DNA that are dependent on these

technologies.

Single molecule detection, as defined in this application, is the detection of one

15 fluorophore or one molecule. Single molecule detection has only been recently possible

through the use of advanced optical detection methods. These methods include CCD

fluorescence detection such as by Sase et al., 1995. Other methods that have achieved single

molecule sensitivity include fluorescence correlation spectroscopy (Eigen and Rigler, 1994;

Kinjo and Rigler, 1995), far-field confocal microscopy (Nie et al., 1994), cryogenic

20 fluorescence spectroscopy (Kartha et al., 19995), single molecule photon burst counting

(Haab and Mathies, 1995; Castro and Shera, 1995), two-photon excited fluorescence (Mertz,

1995), and electrochemical detection (Fan and Bard, 1995). These methods have not been

applied extensively to the study of genetics because of difficulty in their implementation.

Accordingly, most ofthese detection methodologies have not gained the attention of

25 geneticists and molecular biologists.

Summary of the Invention

The merging of single molecule detection and analysis and tagging chemistries that

offer unique advantages in a single molecule detection setting is a breakthrough for

30 molecular biology and genetic analysis. To this end, the invention relates to methods that

exploit the ability to detect and thus analyze single molecules such as single nucleic acid

molecules. Often times in molecular biology, it is necessary to amplify molecules such as

nucleic acid molecules in order to conduct any analysis. That is because until recently most
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hardware used for genetic analysis was not capable of detecting single molecules. With the

advent of detection systems with increased sensitivity, it is now possible to study molecules

without prior amplification. This new approach is advantageous since the amplification

process is known to introduce artifacts (e.g., sequence errors) into the amplified product that

5 were not present in the parent molecule. Using prior art methods that included an

amplification step, the information derived from an amplified product may be an

amplification artifact rather than an inherent feature of the parent molecule, and in most

instances it is difficult to distinguish between these two.

The analyses described herein can be performed using single molecule detection and

10 analysis systems. One such system is the Gene Engine™ which has been described in greater

detail in published PCT Patent Applications WO98/35012, WO00/09757 and WO01/13088,

published on August 13, 1998, February 24, 2000 and February 22, 2001 respectively, and in

U.S. Patent 6,355,420 Bl issued on March 12, 2002, the entire contents of which are

incorporated herein.

15 Accordingly, the invention provides in one aspect a method for analyzing a single

nucleic acid molecule comprising exposing a single nucleic acid molecule to at least two

distinguishable detectable labels for a time sufficient to allow the detectable labels to bind to

the single nucleic acid molecule, and analyzing the single nucleic acid molecule for a

coincident event using a single molecule detection system, wherein the coincident event

20 indicates that the at least two distinguishable detectable labels are bound to the single nucleic

acid molecule.

The single nucleic acid molecule may be a DNA molecule or anRNA molecule,

although it is not so limited. Preferably, it is denatured to a single stranded form in order to

facilitate hybridization with a unit specific marker, or a primer, or a newly synthesized nucleic

25 acid molecule, as the case may be. Although the single nucleic acid molecule may be

linearized or stretched prior to analysis, this is not necessary as the single molecule detection

system is capable of analyzing both stretched and compacted nucleic acids. This is

particularly the case when coincident events are detected since these events simply require the

presence or absence of at least two labels, but are not necessarily dependent upon the relative

30 positioning ofthe labels (provided they are sufficient proximal to each other in some

instances to enable energy transfer from one label to another).
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The distinguishable detectable labels may be present on different unit specific markers

(i.e., a dual labeled probe) or on the same unit specific marker (i.e., a singly labeled probe).

The at least two distinguishable detectable labels encompass two, three, four, five, or more

labels. In some important embodiments, only two labels are required.

The method may further comprise exposing the single nucleic acid molecule to a third

detectable label that binds specifically to a mismatch between the single nucleic acid molecule

and a unit specific marker, and wherein a coincident event between the first, second and third

detectable labels is indicative ofthe mismatch. In this case, the coincident event encompasses

the presence of first, second and third detectable labels on the hybrid formed by the single

nucleic acid molecule and a unit specific marker.

The method may further comprise exposing the single nucleic acid molecule and

detectable labels to a chemical or enzymatic single stranded cleavage reaction prior to

analyzing the single nucleic acid molecule. In these embodiments, the cleavage reaction can

accomplish several things including but not limited to cleaving the single nucleic acid

molecule and the unit specific marker at the location ofa mismatch, digesting the unbound

probes whether they be DNA orRNA in nature, and digesting single nucleic acid molecules

that did not hybridize to a probe. Chemical and enzymatic cleavage methods are known in the

art. For instance, the enzymatic single stranded cleavage reaction may use a single stranded

RNA nuclease, a single stranded DNA nuclease, or a combination thereof. Various single

stranded RNA nucleases are known in the art including but not limited to RNase L Similarly,

various single stranded DNA nuclease are known in the art including but not limited to S

1

nuclease.

In some embodiments, the hybridization and/or reaction mixture is cleaned prior to

analyzing the single nucleic acid molecule. As used herein "cleaning" refers to the process of

removing one or more ofthe following: unbound probes, unhybridized nucleic acid

molecules, unbound or unincorporated labels (such as unincorporated nucleotides), and

cleaved products following exposure to a chemical or enzymatic cleavage reaction. This

cleaning step can be accomplished in a number ofways including but not limited to column

purification. Column purification generally involves capture of small molecules within a

column with flow-through of larger molecules (such as the target hybridized nucleic acid

molecules). In other embodiments, a cleavage reaction and a column purification are used in

combination to remove unwanted molecules. It is to be understood however that the method
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can be performed without removal ofthese molecules prior to analysis, particularly since

coincident detection can distinguish between desired hybridization events and artifacts. Thus,

in some embodiment, the unbound detectable labels are not removed prior to analysis using

the single molecule detection system.

5 The method preferably reads out a coincident event. The coincident event may take

many forms including but not limited to a color coincident event. It can also be a binding

coincident event, in which the binding oftwo unit specific markers is determined. It can

further be the coincident existence oftwo or more detectable labels on a target molecule

(including but not limited to the existence of a donor FRET fluorophore and an acceptor

10 FRET fluorophore). The coincident event may also be the proximal binding of a first

detectable label that is a donor FRET fluorophore and a second detectable label that is an

acceptor FRET fluorophore. In this latter embodiment, a positive signal is a signal from the

acceptor FRET fluorophore upon laser excitation ofthe donor FRET fluorophore. This latter

embodiment requires a single molecule detection and analysis system that comprises one

15 detector and one laser since a positive signal from the FRET pair is generate by only one laser

and is emission from only one fluorophore.

In certain embodiments, the method involves the use of at least one unit specific

marker to which is attached one of the distinguishable detectable labels. In these and other

embodiments, the method may further comprise exposing the single nucleic acid molecule to

20 the labeled unit specific marker in the presence of a polymerase and labeled nucleotides.

Preferably, the unit specific marker and nucleotides are differentially labeled In this case, it

is possible to synthesize a new nucleic acid molecule extending from the unit specific marker

(i.e., the unit specific marker acts as a primer for the newly synthesize nucleic acid molecule).

The newly synthesized nucleic acid molecules is therefore complementary to the single

25 nucleic acid molecule which acts as a template for the newly synthesized strand. In these

embodiments, the detectable labels are incorporated into the newly synthesized strand.

The method can be further used to determine the length of the single nucleic acid

molecule based on the signal intensity emitted by the newly synthesized strand. In these

embodiments, the method is a method ofdetermining integrity ofa nucleic acid sample (such

30 as an RNA sample) from which the single nucleic acid molecule derived. That is, it can be

used to determine the level ofdegradation in, for example, the RNA sample as a propensity of

short RNA molecule is indicative of degradation ofthe sample, while long RNA molecules
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are not. The method therefore may involve determining the signal intensity from the hybrid

ofthe single nucleic acid molecule and the newly synthesized nucleic acid molecule (or

alternatively ofthe newly synthesized nucleic acid molecule alone) as a measure of the length

ofthe newly synthesized nucleic acid molecule (and thus of the template single nucleic acid

5 molecule). The signal intensity is proportional to the length, therefore a greater intensity will

indicate longer single nucleic acid molecules while lower intensity will indicate short and thus

degraded single nucleic acid molecules.

In some embodiments, the unit specific marker and nucleotides are labeled with a

FRET fluorophore pair. In embodiments which involve hybridization oftwo unit specific

10 markers, then they can similarly be labeled with corresponding FRET fluorophores. That is,

one unit specific marker is labeled with a donor FRET fluorophore and the other is labeled

with an acceptor FRET fluorophore. Alternatively, the unit specific marker is labeled with

either a donor or an acceptor fluorophore and the nucleotides are labeled with an acceptor or a

donor fluorophore respectively.

15 La another embodiment, one detectable label is attached to a unit specific marker and

is a first FRET fluorophore, and the other detectable label is incorporated into a newly

synthesized nucleic acid molecule hybridized to the single nucleic acid molecule and is the

donor or acceptor ofthe first FRET fluorophore. That is, if the first FRET fluorophore is a

donor fluorophore, then the newly synthesize nucleic acid molecule has incorporated into it an

20 acceptor fluorophore, and vice versa.

The choice ofpolymerase will depend upon the nature of the template and the newly

synthesized nucleic acid molecule. In one embodiment, the polymerase is a DNA

polymerase. In another embodiment, the polymerase is a reverse transcriptase.

In important embodiments, the single nucleic acid molecule is present in a nanoliter

25 volume. That is, it is only necessary to load a nanoliter volume into the single molecule

detection and analysis system. In still other important embodiments, the single nucleic acid

molecule is present at a frequency of 1 in 1,000,000 molecules or 1 in 2,000,000 molecules in

a nucleic acid sample (such as an RNA sample). Accordingly, the method can be used to

detect and analyze nucleic acid molecules that are extremely rare.

30 In important embodiments, the detectable labels are present on a unit specific marker

that is a DNA, RNA, PNA, LNA or a combination thereof. In this and other aspects of the

invention, RNAi molecules can be similarly used. In other embodiments, the detectable
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labels are provided as molecular beacon probes. The detectable label may also be attached to

a nucleic acid molecule hybridized to a universal linker attached to a unit specific marker.

In still other embodiment, the method further comprises exposing the nucleic acid

molecule to a ligase prior to analysis using the single molecule detection system.

5 In another aspect, the invention provides a composition comprising a unit specific

marker attached to a universal linker that is hybridized to a complementary nucleotide

sequence attached to a detectable label.

In another aspect, the invention provides a method for characterizing a polymer. The

method comprises contacting the polymer with a plurality ofunit specific markers, each ofthe

JO plurality having a unique and distinct label. When bound to the polymer, individual unit

specific markers are spaced apart on the polymer such that, ifthe labels were not distinct from

each other, they would be separated by a distance less than the detection resolution ofthe

detection system.

In one embodiment, the polymer is a nucleic acid molecule, and the nucleic acid

15 molecule may be a DNA or an RNA. In preferred embodiments, the nucleic acid molecule is

harvested from a natural source such as a cell, a population of cells, or a tissue.

The nucleic acid molecule may be free-flowing, or it may be fixed to a solid support

during the characterization.

In some embodiments, the nucleic acid is capable ofbeing imaged directly (i.e., it has

20 bound to it via the unit specific markers a directly detectable label such as a fluorophore or a

radioactive compound). In other embodiments, the nucleic acid is imaged indirectly (i.e., it

has bound to it via the unit specific markers a label that is indirectly detectable (Le., an

enzyme that converts a substrate into a visible product, or a biotin molecule that is bound by a

directly labeled avidin molecule, or a primary antibody that is recognized by a secondary

25 antibody or a hapten that is itselfdirectly labeled)

.

As another example, in one embodiment, the unique and distinct labels are substrates

for an enzymatic reaction. In one embodiment, the enzymatic reaction is selected from the

group consisting of a primer extension reaction and a ligase-mediated reaction. In a related

embodiment, the enzymatic reaction produces a detectable product, and preferably the

30 detectable product is not itself amplified. In one embodiment, the presence of a detectable

product indicates a pattern ofbinding of unit specific markers to the polymer. For example,
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the presence oftwo unit specific markers within a short distance of each other may facilitate

the synthesis ofa new nucleic acid molecule which can be detected.

In another embodiment, the unique and distinct labels are differential intensity

fluorescent tags.

5 In important embodiments, the polymer is not pre-amplified. If the polymer is a

nucleic acid molecule, it may be single stranded or it may be double stranded. In a related

embodiment, the polymer is a nucleic acid molecule that is denatured to a single-stranded

form.

In addition to labeling the unit specific markers, the polymer may also be labeled with

10 a backbone specific label.

In another aspect, the invention provides a method for characterizing a polymer,

comprising fixing the polymer to a solid support, contacting the polymer with a plurality of

unit specific markers, each ofthe plurality having a unique and distinct label, and

determining a pattern ofbinding of the plurality of unit specific markers to the polymer.

15 Again, when bound to the polymer, individual unit specific markers are spaced apart on the

polymer such that, ifthe labels were not distinct from each other, they would be separated by

a distance less than the detection resolution.

Many of the embodiments recited above for the first aspect of the invention are

applicable to this and other aspects ofthe invention and thus will not be recited again.

20 In on embodiment, the polymer is fixed to the solid support in a random orientation.

In another embodiment, the polymer is fixed to the solid support in a non-continuous manner.

The method can be used to characterize the polymer in terms of the presence of single

nucleotide polymorphisms, microsatellites, insertions, deletions, and the like.

In yet a further aspect, the invention provides a method for characterizing a polymer

25 comprising contacting the polymer with a plurality ofunit specific markers, each of the

plurality having a label, and measuring the distance between consecutive unit specific markers

bound to a polymer. The distance between the consecutive unit specific markers is indicative

ofa particular haplotype ofpolymer.

In one embodiment, each ofthe plurality of unit specific markers is labeled with an

30 identical label, while in other embodiments, each ofthe plurality is labeled with a different

label. As above, the labels may be differential intensity fluorescent labels.
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In yet another aspect, the invention provides a method for characterizing a polymer

comprising attaching a plurality of unit specific markers in a spatially defined manner to an

array on a solid support, contacting the plurality of unit specific markers with an unamplified

polymer, and determining a pattern of binding ofthe unamplified polymer to the plurality of

5 unit specific markers.

In one embodiment, the pattern of binding of the unamplified polymer to the plurality

of unit specific markers indicates a haplotype. The haplotype is based on information from a

plurality of genetic loci.

In another embodiment, each spatially defined position in the array is occupied by a

10 haplotype specific unit specific marker, and that haplotype may derive from a single genetic

locus or from a plurality of loci.

In still another embodiment, the specific unit specific marker is specific for a

polymorphism. The polymorphism may be selected from the group consisting of a single

nucleotide polymorphism, a deletion, an insertion, a translocation, a duplication, a genomic

15 amplification, but is not so limited.

In one embodiment, the polymer is derived from a single somatic cell hybrid. In

another embodiment, the polymer is a homogenous sample ofone chromosome allele. In yet

another embodiment, each spatially defined position in the array is occupied by an allele

specific unit specific marker.

20 In a further aspect, the invention provides a method for determining the haplotype of a

nucleic acid sample comprising amplifying nucleic acid molecules in a nucleic acid sample

using an allele-specific polymerase chain reaction (PCR) and a set of four primers, and

analyzing the amplified nucleic acid molecules using a Gene Engine™ system. Each primer

in the set of four primers is unique at its 3' end and is labeled with a unique detectable label.

25 In one embodiment, the nucleic acid sample is in solution.

In yet another aspect, the invention provides a method for determining a length of a

nucleic acid molecule comprising labeling a nucleic acid molecule with a detectable label, and

analyzing the labeled nucleic acid molecule using a Gene Engine™ system. The Gene

Engine™ system comprises a narrow channel positioned within an excitation beam, and the

30 labeled nucleic acid molecule is passed through multiple confocal spots and an average

intensity of the labeled nucleic acid passing through the multiple confocal spots is determined.
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In another aspect, the invention provides a method for determining a length of a

nucleic acid molecule comprising labeling a nucleic acid molecule with a detectable label, and

analyzing the labeled nucleic acid molecule using a Gene Engine™ system. The Gene

Engine™ system comprises an excitation volume to diffraction spot ratio of greater than 10,

5 and the labeled nucleic acid molecule is passed through a diffraction spot and an integrated

intensity ofthe labeled nucleic acid passing through the diffraction spot is determined.

In one aspect, the invention provides a method for determining a length of a nucleic

acid molecule comprising labeling a nucleic acid molecule with a detectable label, and

analyzing the labeled nucleic acid molecule using a Gene Engine™ system. The labeled

10 nucleic acid molecule is imaged using a uniform illumination source, and an integrated

intensity ofthe labeled nucleic acid passing through the diffraction spot is determined.

In several of the foregoing aspect, the methods further comprise determining a

velocity ofthe labeled nucleic acid passing through the Gene Engine™ system. In some

embodiments, the velocity ofthe labeled nucleic acid is determined using multiple confocal

15 illumination spots.

In other embodiments, the detectable label is covalently conjugated to the nucleic acid

molecule. The detectable label may be a fluorophore, but it is not so limited. In another

embodiment, the nucleic acid molecule is uniformly labeled along its length.

In another aspect, the invention provides another method for determining a length of a

20 nucleic acid molecule comprising contacting a nucleic acid sample with a first and a second

unit specific marker ofknown sequences and having a first and a second detectable label

respectively, allowing the first and second unit specific markers to hybridize to a

complementary nucleotide sequence in the nucleic acid molecule and determining the distance

between the location of the first and second unit specific markers once bound to the nucleic

25 acid molecule.

In another aspect, the invention provides a method for determining the gene profile of
*

a single cell. The method comprises contacting a unit specific marker with an unamplified

nucleic acid sample from one cell, and determining the binding ofthe unit specific marker to

the nucleic acid sample using a Gene Engine™ system. The binding of the unit specific

30 marker to the nucleic acid sample indicates that the cell contains a specific nucleic acid

molecule. In one embodiment, the nucleic acid sample is an RNA sample. In another
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embodiment, the nucleic acid sample is a cDNA sample. In still another embodiment, the

nucleic acid sample is a genomic DNA sample.

The single cell may be a rare cell such as a stem cell or a precursor cell. The cell may

be selected from the group consisting ofhemopoietic cells, neural cells, liver cells, skin cells,

5 cord blood cells, but it is not so limited. In other embodiments, the cell may be a cancer cell

or be suspected ofbeing a cancer cell. The cell may be an acute leukemia cells, a Reed

Sternberg cells, and the like.

The nucleic acid sample may also be a forensic sample. In other embodiment, the cell

is an embryo cells.

10 In one embodiment, the unit specific marker is specific for a genetic abnormality. In

another embodiment, the unit specific marker binds to a known nucleic acid molecule. In

another embodiment, the unit specific marker is a plurality ofunit specific markers.

In another embodiment, determining the binding ofthe unit specific marker to the

nucleic acid sample comprises determining a pattern ofbinding ofthe unit specific marker to

15 the nucleic acid sample. The method can further comprise comparing the pattern ofbinding

ofthe unit specific marker to a second binding pattern. The second binding pattern may be

that of a different cell, it may be that of a non-cancerous cell, or it may be that ofa

differentiated cell.

The unit specific marker may be conjugated to a detectable label, which in turn may

20 be selected from the group consisting of differential intensity fluorophores, differential

lifetime fluorophores, and fluorescence resonance energy transfer (FRET) fluorophores.

In one embodiment, the binding ofthe unit specific marker to the nucleic acid sample

is determined by imaging. In another embodiment, it may be determined by confocal

detection.

25 In yet a further aspect, the invention provides a method for quantitating a nucleic acid

molecule in a cell comprising contacting a unit specific marker with an unamplified nucleic

acid sample from one or more cells, and measuring the level ofbinding of the unit specific

marker to the nucleic acid sample using a Gene Engine™ system. The unit specific marker is

conjugated to a detectable label, and the level ofbinding ofthe unit specific marker to the

SO nucleic acid sample is indicative of the amount of the nucleic acid molecule in the sample.

In still another embodiment, the invention provides a method for determining the

presence of a polymorphism in a nucleic acid molecule comprising allowing a wild type unit
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specific marker of a specified length to hybridize to a nucleic acid molecule in a nucleic acid

sample from one or more cells, then exposing the nucleic acid sample, after hybridization and

washing, to an enzymatic or chemical reaction in order to cleave a heteroduplex at a single

stranded region, and detecting one or more cleavage products of the enzymatic or chemical

5 reaction using a Gene Engine™ system. The wild type unit specific marker is labeled at one

or both ends with a first detectable label, the nucleic acid molecule in the nucleic acid sample

is labeled at one or both ends with a second detectable label that is distinct from the first

detectable label, and a double stranded cleavage product having both first and second

detectable labels and a length of less than the specified length ofthe wild type unit specific

10 marker is indicative ofa polymorphism in the nucleic acid molecule from the nucleic acid

sample.

In one embodiment, the nucleic acid sample is an amplified sample and the method

detects errors in an amplification process. In another embodiment, the second detectable label

is incorporated into the nucleic acid molecule during the amplification process. The nucleic

75 acid may be RNA or DNA.

In one embodiment, the enzymatic reaction is a reaction with an enzyme selected from

the group consisting of endonuclease VII, RNase, and the like. In another embodiment, the

chemical reaction comprises reaction with osmodium tetroxide.

In one embodiment, the wild type unit specific marker is labeled at its 3' end and the

20 nucleic acid molecule is labeled at its 5' end. In another embodiment, the wild type unit

specific marker is labeled at its 5' end and the nucleic acid molecule is labeled at its 3
' end.

In still another embodiment, the wild type unit specific marker and the nucleic acid molecule

are both labeled at their 3' and 5' ends.

In one embodiment, the detection of the cleavage products is not dependent upon

25 amplification of the cleavage products.

In one aspect, the invention provides another method for determining the presence of a

polymorphism in a nucleic acid molecule comprising amplifying one or more nucleic acid

molecules using a first and a second primer to form an amplified nucleic acid sample having

amplified nucleic acid molecules ofa defined length, denaturing and re-hybridizing the

30 amplified nucleic acid sample, and then exposing the re-hybridized, amplified nucleic acid

sample to an enzymatic or chemical reaction in order to cleave a heteroduplex at a single

stranded region, and detecting one or more cleavage products ofthe enzymatic or chemical
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reaction using a Gene Engine™ system. The first primer is labeled with a first detectable

label, and the second primer is labeled with a second detectable label distinct fiom the first

detectable label, and a double stranded cleavage product comprising either the first or the

second detectable label and a length of less than the defined length of the amplified nucleic

5 acid molecules is indicative of a polymorphism in an amplified nucleic acid molecule from

the amplified nucleic acid sample.

In one embodiment, the re-hybridized, amplified nucleic acid sample is fixed to a solid

support prior to the enzymatic or chemical reaction at either or both ends. In another

embodiment, the double stranded cleavage product is fixed on a solid support and imaged.

10 The invention further provides a method for identifying the source of a nucleic acid

molecule comprising digesting a nucleic acid molecule with a first and a second restriction

endonuclease to form nucleic acid fragments, labeling a first end of a nucleic acid fragment

with a first detectable label, and labeling a second end ofthe nucleic acid fragment with a

second detectable label that is distinct from the first detectable label to form an end-labeled

15 nucleic acid fragment, analyzing the end-labeled nucleic acid fragment using a Gene Engine™

system to detect the first and second detectable label, and determine a length ofan end-

labeled nucleic acid fragment by measuring a distance between the first and the second

detectable labels for each end-labeled nucleic acid fragment. Prior to labeling, the first end

and the second end of the nucleic acid fragment are different, and a plurality of lengths of a

20 plurality of end-labeled nucleic acid fragments identifies the source of a nucleic acid

molecule.

In one embodiment, the first end and the second end ofthe nucleic acid fragment are

selected from the group consisting ofa 3' overhang, a 5* overhang, and a blunt end. In

another embodiment, the first and second detectable labels are conjugated to the nucleic acid

25 fragments indirectly. In yet another embodiment, the first and second detectable labels are

conjugated to the nucleic acid fragments using a polymerase reaction. In still another

embodiment, the polymerase reaction comprises an additional primer.

In one embodiment, one or both the first and second restriction endonucleases are

chimeric.

30 In one embodiment, the nucleic acid molecule is unamplified.

In another embodiment, the nucleic acid molecule is a bacterial artificial chromosome

(BAC). In yet another embodiment, the nucleic acid molecule is a yeast artificial
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chromosome (YAC). In still another embodiment, the acid molecule is from a forensic

sample. In another embodiment, the nucleic acid molecule is from a sample intended for

paternity determination.

The nucleic acid molecule and/or the nucleic acid fragment may be labeled with a

backbone label that is sequence independent.

In still another embodiment, the invention provides a method for identifying the

source of a nucleic acid molecule comprising digesting a nucleic acid molecule with a first

restriction endonuclease to form nucleic acid fragments, labeling nucleic acid fragments with

a non-specific backbone label, analyzing the labeled nucleic acid fragments using a Gene

Engine™ system, and determining a length ofthe labeled nucleic acid fragment by measuring

a time between the first detected non-specific backbone label and the last detected non-

specific backbone label for each end-labeled nucleic acid fragment. Prior to labeling the first

end and the second end ofthe nucleic acid fragment are different, and a plurality of lengths of

a plurality of end-labeled nucleic acid fragments identifies the source of a nucleic acid

molecule.

In one embodiment, the first end and the second end of the nucleic acid fragment are

selected from the group consisting of a 3
9

overhang, a 5
' overhang, and a blunt end.

These and other aspects and embodiments ofthe invention will be discussed in greater

detail herein.

BriefDescription of the Drawings

Fig. 1 is a schematic ofthe labeling oftwo nucleotide sequences to determine and

distinguish between haplotypes.

Fig. 2 is a schematic showing the different spatial arrangements ofprobes on nucleic

acid molecules being characterized.

Fig. 3 is shows the binding of nucleic acid haplotypes onto a fixed or arrayed pattern

ofoligonucleotides.

Fig. 4 shows the haplotype determination using an oligonucleotide that is fixed to a

surface using an oligonucleotide specific for the particular haplotypic region of the genome.

For a two SNP haplotype, four colors representing the chemistries at the two different sites

allows ftdl determination of the haplotype.



WO 03/100101

-14-

PCT/US03/16902

Fig. 5 shows a method for haplotype determination using multiple color analysis for

an SNP specific capture oligonucleotide at each position in an array. The haplotype is

determined by further hybridizing a primer-extended product of one oftwo colors, a green

oligonucleotide or an orange labeled oligonucleotide for the second site.

5 Fig. 6 is a schematic showing labeling oftwo sites in order to determine a haplotype.

The figure is intended to demonstrate the need to distinguish between alleles prior to analysis.

Fig. 7 is a schematic showing various ways of physically separating alleles prior to

analysis.

Fig. 8 is a schematic showing that a two to four color tagging system can be used to

10 determine haplotype.

Fig. 9 is a schematic showing a method in which alleles are first separated based on a

first SNP.

Fig. 10 shows the combined use of allele-specific PCR and single molecule detection.

Fig. 1 1 shows the distribution of signal as a label moves through a detection channel

15 as a function of velocity.

Fig. 12 is a schematic showing the use of end labels for detennining size of a nucleic

acid molecule.

Fig. 13 is a schematic showing the uniform incorporation of fluorescent labels during

a polymerase reaction.

20 Fig. 14 is a schematic of the signal generated from a sample having heterozygous

microsatellite of lengths 152 and 148 base pairs.

Fig. 15 is a schematic of a primer run-off reaction in which fluorescent labels are

uniformly incorporated into the newly synthesized nucleic acid molecule.

Fig. 16 is a schematic showing that detection of small distances in a nucleic acid

25 system can be determined through the use ofspFRET. An SNP-scoring method can be used

that allows the determination of SNPs using primer-extension and spFRET.

Fig. 17 is a schematic showing hybridization and detection ofa probe to a nucleic acid

molecule.

Fig. 18 is a schematic showing a two color primer extension assay.

30 Fig. 19 is a schematic showing a two color extension and ligation assay.

Fig. 20 is a schematic showing a spFRET based assay or primer extension assay based

cleavage ofproduct.
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Fig. 21 is a schematic showing a spFRET based assay based on coincident

hybridization.

Fig. 22 is a schematic ofa spFRET based assay in combination with single base

extension reaction.

5 Fig. 23 is a schematic ofa two-color detection assay in combination with primer

extension.

Fig. 24 is a schematic showing detection of single nucleic acid molecules from one or

few cells.

Fig, 25 is a schematic showing the detection ofa polymorphism or mutation in a

10 nucleic acid molecule.

Fig. 26 is a schematic showing the use ofa single molecule counter for the analysis

and fingerprinting ofunknown DNA fragments.

Fig. 27 is a schematic diagram of single molecule fluorescent tagging and coincident

counting ofmolecules.

15 Fig. 28 is a graph showing titration of a dual labeled 40 nucleotide oligonucleotide.

Fig. 29 is a series ofplots for different concentrations of oligonucleotide

(corresponding to Fig. 28).

Fig. 30 is a schematic showing the dual probe hybridization assay and the probe

extension assay. In the dual probe hybridization assay the target molecule is hybridized to

20 two probes ranging from 20-30 nucleotides in length, for example, each of which is labeled

with a distinct detectable label from the other. In the probe extension assay, a labeled (e.g.,

with Cy5) primer is hybridized to the target molecule and extended by reverse transcription

thereby incorporating labeled nucleotides (e.g., TAMRA labeled nucleotides).

Fig. 3 1 shows data derived from the dual probe hybridization assay using total human

25 RNA that is spiked with sense or antisense E. coli RNA.

Fig, 32 shows data derived from the probe extension assay using total human RNA

that is spiked with sense or antisense E. coli RNA.

Fig. 33 is a graph showing the linear relationship between detection of E. coli RNA

molecules as a function ofthe amount ofE. coli RNA spiked into a human RNA population.

30 Fig. 34 is a series ofbar graphs showing quantitation oflamin A/C and P-actin

transcripts in a human RNA sample in various tissues and one cell line.
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Fig. 35 is a graph showing the linear relationship between the number ofpoly(A)+

molecules as a function of initial RNA sample from HeLa S3 cells. The data is representative

oftwo independent experiments.

Fig. 36 shows gel electrophoresis results comparing a degraded versus a non-degraded

5 RNA sample (on the left) and the ratio of green/red peak areas as measured using

DirectRNA™ for both samples as well as for a control dual labeled 40 mer.

Fig. 37 is a series of bar graphs showing the results of detection ofa particular

transcript using DirectRNA™ (left bar ofeach pair) and real time PCR (right bar of each

pair).

10 Fig. 38 is a representation ofhow DirectRNA™ can be used to quantitate RNA from

tissue samples in combination with microarray analysis.

Fig 39A is a schematic ofa dual probe hybridization assay including a column

purification step.

Fig 39B is a schematic ofa dual probe hybridization assay excluding a column

15 purification step.

Fig. 40 is a schematic of a probe extension assay including a column purification step.

Fig. 41A is a schematic of a dual labeled RNA probe hybridization assay including an

RNase I reaction and a column purification step.

Fig, 41B is a schematic of a dual labeled RNA probe hybridization assay including an

20 RNase I reaction and excluding a column purification step.

Fig. 42A is a schematic of a dual labeled DNA probe hybridization assay including an

RNase I and SI nuclease reaction and a column purification step.

Fig. 42B is a schematic of a dual labeled DNA probe hybridization assay including an

RNase I and SI nuclease reaction and excluding a column purification step.

25 Fig. 43 is a schematic ofa probe extension assay including an RNase I and SI

nuclease reaction and a column purification step.

Fig. 44 is a schematic ofa dual hybridization assay using single labeled RNA probes

and including an RNase I reaction and a column purification step.

Fig. 45 is a schematic ofa dual hybridization assay using single labeled DNA probes

30 and including an RNase I and SI nuclease reaction and a column purification step.
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Fig. 46 is a schematic of a dual hybridization assay using single labeled DNA probes

and including an RNase I and SI nuclease reaction, a ligase reaction, and a column

purification step.

Fig. 47 is a schematic of a dual hybridization assay using molecular beacon probes.

5 Fig. 48A is a schematic of a dual hybridization assay using DNA or RNA probes

singly labeled with FRET fluorophores, and including an RNase I and SI nuclease reaction

and a column purification step.

Fig. 48A is a schematic ofa dual hybridization assay using DNA orRNA probes

singly labeled with FRET fluorophores, and including a column purification step, and

10 excluding an RNase I and S 1 nuclease reaction.

Fig. 49 is a schematic of a hybridization assay using dual labeled probes and a DNA

target and including column purification and cleavage of single stranded regions.

Fig. 50 is a schematic of a probe extension assay including column purification and

cleavage (e.g., chemical cleavage) ofmismatch regions.

15 Fig. 5 1 is a schematic of a hybridization assay using a dual labeled probe including the

use of a mismatch specific label.

Fig. 52 is a schematic of a dual hybridization assay using singly labeled probes and

including a cleavage reaction to remove mismatch containing hybrids.

Fig. 53 is a schematic of a hybridization assay using probes dually labeled with FRET

20. fluorophores and including cleavage ofmismatch regions.

Fig. 54 is a schematic of a probe extension assay using primers labeled with different

FRET donor fluorophores and extended in the presence of different FRET acceptor

fluorophores, followed by a cleavage reaction to remove mismatch containing hybrids.

Detection of the target is then accomplished via FRET.

25 Fig. 55 is a schematic ofa dual hybridization assay using probes singly labeled with

FRET donor and acceptor fluorophores.

Fig. 56 is a schematic of a primer extension assay using FRET labeled primers and

nucleotides. The primers are a combination of extension and specificity primers.

Fig. 57 is a schematic ofa process for detecting and analyzing RNA molecules using a

30 universal linker chemistry and FRET fluorophores.

Fig. 58 is a schematic ofa universal linker labeling ofa sequence specific probe.
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Detailed Description of the Invention

The invention provides methods of analyzing nucleic acid molecules such as DNA and

RNA through unique tagging methods that are made possible by the advent ofsingle molecule

detection systems. Recently, the study of genomics has been limited to the use of existing

5 technologies that rely on the amplification ofDNA through PCR or cloning. Amplification

and cloning techniques are commonly used in genetic analysis methods used to date. In

recent years, however, single molecule detection methodologies have been developed that

allow genetic analysis without the need for cloning or amplification. These single molecule

detection technologies allow for direct analysis of nucleic acid molecules.

10 The invention provides means of chemically and enzymatically modifying nucleic

acid molecules followed by their direct analysis using single molecule detection and analysis

systems such as the Gene Engine™ described in published PCT Patent Applications

WO98/35012, WO00/09757 and WO01/13088, published on August 13, 1998, February 24,

2000 and February 22, 2001 respectively, and in U.S. Patent 6,355,420 Bl issued on March

15 12, 2002. As vised herein, the terms "single molecule detection system" and "single molecule

detection and analysis system" are used interchangeably. The combination ofthese new

tagging approaches combined with single molecule detection results in new and powerful

methods to study different properties of nucleic acid molecules.

The methods provided herein are not dependent upon stretching of the polymer being

20 analyzed. This is because ofthe methods provided herein rely on coincident detection of

labels (e.g., fluorophores) on a nucleic acid molecule. Coincident detection of labels means

that two or more labels are detected in close proximity to each other. In some embodiments,

the labels are detected simultaneously with their emission spectra overlapping substantially or

completely. Coincident detection is unlikely to occur between two or more nucleic acid

25 molecules that are each labeled with only one label or between two or more free (i.e.,

unbound) labels. One advantage ofusing coincident detection as an indication of a nucleic

acid molecule of interest is that such an approach does not require removal of free labels from

the nucleic acid sample prior to analysis since single label detection events are disregarded.

As used herein, stretching ofthe target polymer means that the polymer is provided in

30 a substantially linear form rather than a compacted and or folded form. A stretched polymer

and a linearized polymer are used interchangeably. A linear form is more appropriate ifthe

sequence ofthe polymer is of interest. Linearizing the polymer prior to analysis requires
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particular configurations ofthe single molecule detection system in order to maintain the

linear form. This configurations are not required ifthe target polymer can be analyzed in a

compacted form.

The methods ofthe invention can be used in the analysis ofboth DNA and RNA.

DNA analysis includes determination of genetic variation, polymorphisms, mutations, DNA
lengths, andDNA methylation/footprinting, among others. RNA analysis, like DNA analysis,

can be accomplished without prior amplification. In addition, RNA does not have to be

converted into DNA (e.g., cDNA) prior to analysis, nor does it have to be harvested in large

amounts. This latter point is particularly important in the analysis of rare transcripts, or

analysis oftranscripts for rare or small cell populations. RNA analysis, according to the

invention, includes determination ofRNA quantity, splice variations, polymorphisms, and

mutations, among others.

Accurate measurement ofRNA levels in biological samples is very important for

functional genomics studies and for developing better diagnostics. Current methods to

quantitatively measure RNA are either tedious (e.g., Northern blot) or require amplification

(e.g., RT-PCR) which can limit accuracy or reliability. The invention obviates these concerns

by directly analyzing individual, unamplified RNA molecules, thereby permitting high

sensitivityRNA quantitation. In a total RNA sample, individual mRNAs are directly labeled

with unique probes (or as used herein "unit specific markers") such as gene-specific

fluorescent probes. The sample is then introduced into a nanofluidic silicon chip and

individual molecules are counted using a high sensitivity, multicolor fluorescence detection

system.

Whether analysis is ofDNA or RNA molecules, the invention provides a method for

distinguishing between single molecules and unbound probes using a two-color coincident

detection. This approach minimizes the non-specific background signals with 20-20,000

molecules typically being detected in just one minute. As a proof of principle, in vitro

transcribed p-actin, K coli spike 1 (750 bp), E. coli spike 8 (2 Kb) and lamin AJC RNA
templates spiked into human RNA were used to demonstrate that single molecule counting

methods can be performed simply, reproducibly, specifically, and with highly sensitivity (e.g.,

1 copy mRNA molecule can be detected per 2 million total RNA molecules). This

demonstrates that individual RNA molecules can be accurately and reproducibly detected in

complex RNA samples. This sensitivity has been demonstrated through a wide linear
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dynamic range of detection (> 10
3
). The high sensitivity also means that individual genes can

be detected using only picograms of total RNA. In,addition, the method only requires a

nanoliter detection volume, thereby providing enhanced sensitivity for very small samples.

The invention also provides assays to quantify poly(A)
+ RNA levels in total RNA

5 samples and monitormRNA integrity. Multicolor reactions and detection also allows

different transcripts to be monitored quantitatively in the same assay. Splice variants can be

detected and quantitated in this manner. The methods provided herein relating to RNA

analysis are sometimes referred to as "DirectRNA™" technology. The assays relating to

RNA analysis will be described in greater detail in the Examples.

10 The sensitivity ofthe methods and systems provided herein allows nucleic acid

molecules to be analyzed individually. The invention is based in part on novel chemistries

pertaining to single molecule detection that allow polymers such as nucleic acid molecules to

be analyzed in terms of haplotyping, sequence detection, sizing, polymorphism/mutation

detection, insertion/deletion analysis, and repeated structure analysis. Each ofthese

15 applications will be discussed in greater detail below.

The invention relates in some embodiments to two general classes of linear analysis,

namely fixed molecule and moving molecule linear analyses. Linear analysis of fixed

molecules has been described in the art and includes methods of fluid-fixing linear molecules

such as DNA to surfaces and using imaging or scanning-based approaches to collect sequence

20 information. Linear analysis ofmoving molecules employing either flow or electrophoretic

systems are described in PCT applications WO98/35012, WO00/09757 and WO01/13088,

which were published on August 13, 1998, February 24, 2000 and February 22, 2001,

respectively, and U.S. Patent 6,355,420 Bl, issued on March 12, 2002.

A "polymer" as used herein is a compound having a linear backbone to which

25 monomers are linked together by linkages. The polymer is made up ofa plurality of

individual monomers. An individual monomer as used herein is the smallest building block

that can be linked directly or indirectly to other building blocks or monomers to form a

polymer. At a minimum, the polymer contains at least two linked monomers. The particular

type ofmonomer will depend upon the type ofpolymer being analyzed In preferred

30 embodiments, the polymer is a nucleic acid molecule such as aDNA or RNA molecule. The

invention is however not so limited and could be used to label and analyze non-nucleic acid

polymers. With the advent of aptamer technology, it is possible to use nucleic acid based
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probes (i.e., unit specific markers) in order to recognize and bind a variety of compounds,

including peptides and carbohydrates, in a structurally, and thus sequence, specific manner.

"Sequence-specific" when used in the context of a nucleic acid molecule means that

the probe (or unit specific marker, as it is referred to herein interchangeably) recognizes a

5 particular linear arrangement of nucleotides or derivatives thereof. When used in the context

ofa peptide, sequence-specific means the probe recognizes a particular linear arrangement of

nucleotides or nucleosides or derivatives thereof, or amino acids or derivatives thereof

including post-translational modifications such as glycosylations. When used in the context

of a carbohydrate, sequence specific means the probe recognizes a particular linear

10 arrangement of sugars.

The polymers to be analyzed are referred to herein as "target" molecules or polymers.

In some important embodiments, the target molecules are DNA, or RNA, or amplification

products or intermediates thereof, including complementary DNA (cDNA). In important

embodiments, the nucleic acid molecules are RNA. When analyzed by various prior art

15 methods, RNA is generally converted to DNA (e.g., cDNA) for purposes of stability and

amplification, or alternatively very large amounts ofRNA are required. Using the methods

provided herein, it is possible to analyze RNA directly, without conversion to DNA,

amplification, or the need for large quantities. Accordingly, there methods are most

appropriate for (but not limited to) the analysis ofrare RNA transcripts or RNA samples for

20 rare cells or small tissue samples. The nucleic acid molecules may be single stranded and

double stranded nucleic acids. DNA includes genomic DNA (such as nuclearDNA and

mitochondrial DNA), as well as in some instances cDNA. In important embodiments, the

nucleic acid molecule is a genomic nucleic acid molecule.

The nucleic acid molecules can be directly harvested and isolated from a biological

25 sample (such as a tissue or a cell culture) without the need for prior amplification using

techniques such as polymerase chain reaction (PCR). Harvest and isolation ofnucleic acid

molecules are routinely performed in the art and suitable methods can be found in standard

molecular biology textbooks (e.g., such as Maniatis' Handbook of Molecular Biology).

In important embodiments of the invention, however, the nucleic acid molecule is a

30 non in vitro amplified nucleic acid molecule. As used herein, a "non in vitro amplified

nucleic acid molecule" refers to a nucleic acid molecule that has not been amplified in vitro

using techniques such as polymerase chain reaction or recombinant DNA methods. A non in
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vitro amplified nucleic acid molecule may however be a nucleic acid molecule that is

amplified in vivo (in the biological sample from which it was harvested) as a natural

consequence ofthe development ofthe cells in vivo. This means that the non in vitro nucleic

acid molecule may be one which is amplified in vivo as part of locus amplification, which is

5 commonly observed in some cell types as a result of mutation or cancer development.

The methods provided herein are capable of generating signatures for each polymer

based on the specific interactions between probes (i.e., unit specific markers) and target

polymers. A signature is the signal pattern that arises along the length of a polymer as a result

ofthe binding of unit specific markers (of different or identical sequence) to the polymer.

10 The signature ofthe polymer uniquely identifies the polymer. The identity ofthe target

polymer to which a probe binds need not be known prior to analysis, although for some

applications, it will be known. This may be the case, for example, where a particular

condition is diagnosed based on the presence or absence of a particular target nucleic acid,

including a genomic DNA fragment or anRNA transcript.

15 The methods ofthe invention generally require exposing a target molecule to a probe,

primer and the like. As used herein, this means that the target molecule is physically

combined with the probe, primer and the like and these constituents are allowed to hybridize

with each other provided they have complementary sequences. Target molecules can also be

exposed to detectable labels that are incorporated into a newly synthesized nucleic acid

20 molecule as a result of a primer extension assay.

Some methods ofthe invention embrace hybridization of dually or singly labeled

probes to a target nucleic acid molecule. These hybridization events are performed under

conditions known in the art to enhance hybrid formation between completely complementary

sequences. Accordingly, under these conditions, regions of complementarity between the

25 target and the probe will form hybrids while other regions will not (and thus will be single-

stranded mismatch regions). As used herein, a mismatch refers to a region of a target and a

probe that are not hybridized to each other due to lack ofcomplementarity. Preferably, these

mismatches are flanked on either side by regions of complementarity. The mismatch may be

as short as one nucleotide, but clearly can encompass several nucleotides provided the

30 remaining complementary regions can still hybridize to each other. Many of the methods

provided herein seek to remove hybrids that contain mismatches as these hybrids would

otherwise provide inaccurate information about the sequence of a target nucleic acid, for
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example. Mismatches (and the hybrids that contain them) can be eliminated by single

stranded cleavage reactions. These reactions are known in the art and can include but are not

limited to chemical and enzymatic cleavage reactions. Additionally, depending upon the

nature ofthe target and the probe, the cleavage reactions can be structured to cleave single

5 stranded UNA only, single strandedDNA only, or both single stranded RNA and DNA.

Although many ofthe methods described herein are based on coincident detection, it

may still be desirable to remove as many singly labeled molecules from a sample prior to

analysis using the single molecule detection and analysis system. This process is referred to

herein as "cleaning" the sample in order to remove unwanted substrates or products ofthe

10 hybridization or primer extension reactions and thus enrich for the desired products of these

reactions. The sample can be "cleaned" in a number ofways including column purification in

which for example the desired products flow through a column unrestrained due to their size

while all other reaction constituents are retained in the column. Cleaning can also occur by

subjecting the reaction sample to nucleases in order to digest unbound target and probes.

15 Those of ordinary skill in the art will be able to determine which cleaning process is best

suited without undue experimentation.

In several methods of the invention, the haplotype of a sample is determined. As used

herein, a "haplotype" is a genomic sequences that is imparted by either parent and that varies

among the population at large. A haplotype can include a group of alleles of linked genetic

20 loci contributed by either parent, but it is not so limited.

As used herein, an "allele" is a form of a genetic locus imparted by either parent, and

which is varies among the population at large. Alleles in a more limited sense can also refer

to the two different copies ofeach genetic locus that every diploid individual carries and that

together impart physical characteristic to such an individual.

25 As used herein, a "polymorphism" is a difference in a nucleic acid sequence,

preferably a genomic sequence, in an individual that is different from the wild type sequence

determined by the majority ofthe population.

The term "nucleic acid" is used herein to mean multiple nucleotides (i.e. molecules

comprising a sugar (e.g. ribose or deoxyribose) linked to an exchangeable organic base, which

30 is either a substituted pyrimidine (e.g. cytosine (C), thymidine (T) or uracil (U)) or a

substituted purine (e.g. adenine (A) or guanine (G)). As used herein, the terms refer to

oligoribonucleotides as well as oligodeoxyribonucleotides. The terms shall also include
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polynucleosides (i.e. a polynucleotide minus a phosphate) and any other organic base

containing polymer. Nucleic acid molecules can be obtained from existing nucleic acid

sources (e.g., genomic or cDNA), or by synthetic means (e.g. produced by nucleic acid

synthesis).

5 The target nucleic acid molecules commonly have a phosphodiester backbone because

this backbone is most common in vivo. However, they are not so limited. For example, they

may have backbone modifications, such as nuclease resistant phosphorothioate backbones or

peptide bond backbones. These latter types of modifications are more preferably used in the

probes of the invention. Other backbone modifications are known in the art and are equally

10 applicable to the invention. One of ordinary skill in the art is capable of preparing such

nucleic acid molecules without undue experimentation.

In some embodiments, the nucleic acids ofthe invention are denatured and present in a

single stranded form. This can be accomplished by modulating the environment ofa double

stranded nucleic acid including singly or in combination increasing temperature, decreasing

15 salt concentration, and the like. Methods of denaturing nucleic acids are known in the art

The methods ofthe invention are used to analyze polymers based on markers that

recognize and bind to units within a polymer. A "unit" ofa polymer, as used herein, refers to

a particular linear arrangement ofone or preferably more monomers (i.e., a particular defined

sequence ofmonomers) within a target polymer. For example, a unit in a nucleic acid

20 molecule consists ofa particular sequence ofnucleotides linked to one another. The unit may

be of any length. For example, the nucleic acid unit may consist of one, or two nucleotides

(i.e., a dinucleotide or a 2-mer), or three nucleotides (Le., a trinucleotide or a 3-mer), or four

nucleotides (i.e., a tetranucleotide or a 4-mer), and so on.

Many ofthe methods provided herein involve the use of a unit specific marker or a

25 probe that binds to the polymer being studied in a sequence-specific manner. A "unit specific

marker" is a molecule that specifically recognizes and binds to particular units within a

polymer in a sequence-specific manner. As used herein, the terms "unit specific marker" and

"probe" are used interchangeably.

Binding of a unit specific marker to a nucleic acid molecule indicates the presence and

30 location ofa unit in the target nucleic acid molecule. As used herein, a polymer that is bound

by a unit specific marker is "labeled" with the unit specific marker. The position of the unit

specific marker along the length of a target polymer generally the location of a particular unit
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in the polymer, in most instances. If a unit specific marker binds to a target polymer under

conditions that favor specific binding, this indicates that the corresponding unit (and

sequence) is present in the polymer. If a unit specific marker fails to bind to a target polymer

under the same conditions, this generally indicates that the corresponding unit (and sequence)

is not present in the polymer.

The unit specific marker may itselfbe a polymer but it is not so limited. Examples of

suitable polymers are nucleic acid molecules (useful as unit specific markers for target

polymers that are themselves nucleic acid molecules) and peptides and polypeptides (useful as

unit specific markers for target polymers that are nucleic acid molecules and peptides). As

used herein a "peptide" is a polymer ofamino acid residues connected preferably but not

solely with peptide bonds. Other unit specific markers include but are not limited to

sequence-specific major and minor groove binders and intercalators, nucleic acid binding

peptides or polypeptides, sequence-specific peptide-nucleic acids (PNAs), and peptide

binding proteins, etc. Many unit specific markers exist and are known to those of skill in the

art. Preferably, unit specific markers are themselves nucleic acid molecules.

The unit specific markers (i.e., probes) can include nucleotide derivatives such as

substituted purines and pyrimidines (e.g., C-5 propyne modified bases (Wagner et al., Nature

Biotechnology 14:840- 844, 1996)). Suitable purines and pyrimidines include but are not

limited to adenine, cytosine, guanine, thymidine, 5-methylcytosine, 2-aminopurine,

2-amino-6-chloropuiine, 2,6-diaminopurine, hypoxanthine, and other naturally and

non-naturally occurring nucleobases, substituted and unsubstituted aromatic moieties. The

unit specific marker can also include non-naturally occurring nucleotides, or nucleotide

analogs. Other such modifications are known to those of skill in the art.

The probes also encompass substitutions or modifications, such as in the bases and/or

sugars. For example, they include nucleic acid molecules having backbone sugars which are

covalently attached to low molecular weight organic groups other than a hydroxyl group at

the 3' position and other than a phosphate group at the 5
!

position. Thus, modified nucleic

acid molecules may include a 2'-0-alkylated ribose group. In addition, modified nucleic acid

molecules may include sugars such as arabinose instead of ribose. Thus the probes may be

heterogeneous in composition at both the base and backbone level. In some embodiments, the

probes are homogeneous in backbone composition (e.g., all phosphodiester, all

phosphorothioate, all peptide bonds, etc.).
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When the probes used in vivo e.g., added to live cells or tissues containing endo- and

exo-nucleases, it may be preferable to use probes that are resistant to degradation from such

enzymes. A "stabilized nucleic acid molecule" shall mean a nucleic acid molecule that is

relatively resistant to in vivo degradation (e.g., via an endo- or exo-nuclease).

5 In some embodiments, the probe is a peptide nucleic acid (PNA), a bisPNA clamp, a

locked nucleic acid (LNA), a ssPNA, a pseudocomplementary PNA (pcPNA), a two-armed

PNA (as described in co-pending U.S. Patent Application 10/421,644 and PCT application

having serial number PCT/US03/12480, filed on April 23, 2003), or co-polymers thereof

(e.g., aDNA-LNA co-polymer). The probe may also be comprised partially or completely of

10 RNAi which are double stranded RNA molecules reportedly effective in targeting nucleic

acid molecules. It is to be understood that any nucleic acid analog that is capable of

formation of at least a Hoogsteen hybrid can be used as a probe or unit specific marker.

The probes can also be stabilized in part by the use of other backbone modifications.

The invention intends to embrace in addition to the peptide and locked nucleic acids discussed

15 herein, the use ofthe other backbone modifications such as but not limited to

phosphorothioate linkages, combinations ofphosphodiester and phosphorothioate nucleic

acid, methylphosphonate, methylphosphorothioate, phosphorodithioate, p-ethoxy, and

combinations thereof.

The method embraces the simultaneous use oftwo or more unit specific markers that

20 may be identical in nature or binding specificity, but it is not so limited.

The probes are preferably single stranded, but they are not so limited.

The unit specific marker can be of any length, as can the unit to which it binds. In

instances in which the polymer and the probe are both nucleic acid molecules, the length of

the unit and the unit specific marker are generally the same. The length of the marker will

25 depend upon the particular embodiment. The marker length may range from at least 2, at

least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 12, at

least 15, at least 20, at least 25, at least 50, at least 75, at least 100, at least 150, at least 200, at

least 250, at least 500, or more nucleotides (including every integer therebetween as if

explicitly recited herein). Preferably, the probes are at least 4 nucleotides in length to in

30 excess of 1 000 nucleotides in length.

In some embodiments, shorter markers are more desirable, since they provide much

sequence information leading to a higher resolution sequence map ofthe target nucleic acid
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molecule. Longer markers are desirable when unique gene-specific sequences are being

detected. The length ofthe probe however determines the specificity of binding. Proper

hybridization of small sequences is more specific than is hybridization of longer sequences

because the longer sequences can embrace mismatches and still continue to bind to the target

5 depending on the conditions. One potential limitation to the use of shorter probes however is

their inherently lower stability at a given temperature and salt concentration. In order to avoid

this latter limitation, bisPNA or two-arm PNA probes can be used which allow both

shortening ofthe probe and sufficient hybrid stability in order to detect probe binding to the

target nucleic acid molecule.

10 Another consideration in determining the appropriate probe length is whether the

target sequence (i.e., the sequence being detected) is unique or not. Ifthe method is intended

only to sequence the target nucleic acid molecule, then unique sequences may not be that

important provided the target sequences are sufficiently spaced apart from each other to

distinguish the signal from the binding of each. That is, the target sequence should occur at

15 distances that can be discerned as separate sites along the polymer; otherwise, the signals

merge and only one sequence is observed. As long as the location ofbinding of separate

probes along the length of a target polymer can be distinguished, it should be clear that a

greater resolution is possible using smaller probes.

As used herein, the term "known detection resolution" refers to the closest distance

20 that two markers having the same label can be positioned relative to each other along the

length of a target and still be individually detected and thus resolvable as two separate

markers, using prior art methods. It is possible to detect markers positioned at less than the

known detection resolution ifadjacent markers are each labeled with a different detectable

label, as described in published PCT Application PCT/US02/29687 (WO03/025540), filed

25 September 1 8, 2002 and published May 27, 2003. As will be described in greater detail

below, a marker that is "labeled" with a detectable label means that the marker is covalently

or non-covalently conjugated to a detectable molecule such as but not limited to a

fluorophore.

In some instances, the probes can be synthesized to have groups other than and/or in

30 addition to nucleotides attached thereto. For example, the probes can also comprise one or

more reactive groups (e.g., for conjugation to a detectable label, as described below), one or

more amino acids, or detectable molecules (as described below).
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The probes of the invention are labeled with detectable molecules. As used herein, the

terms "detectable molecules" and detectable labels" are used interchangeably. The detectable

molecule can be detected directly, for example, by its ability to emit and/or absorb light of a

particular wavelength. Alternatively, a molecule can be detected indirectly, for example, by

5 its ability to bind, recruit and, in some cases, cleave another molecule which itselfmay emit

or absorb light of a particular wavelength, for example. An example of indirect detection is

the use of an enzyme which cleaves an exogenously added substrate into visible products.

The label may be ofa chemical, peptide or nucleic acid nature although it is not so limited.

When two or more detectable molecules are to be detected (e.g., in order to observe a color

10 coincident event), the detectable molecules should be distinguishable from each other. This

means that each emits a different and distinguishable signal from the other.

Detectable molecules can be conjugated to probes using chemistry that is known in the

art. The labels may be directly linked to the DNA bases or may be secondary or tertiary units .

linked to modified DNA bases. Labeling with detectable molecules can be carried out either

15 prior to or after binding to a target nucleic acid molecule. In preferred embodiments, a single

nucleic acid molecule is bound by several different probes at a given time and thus it is

advisable to label such probes prior to target binding. Labeled probes are also commercially

available.

Generally, the detectable molecule can be selected from the group consisting of an

20 electron spin resonance molecule (such as for example nitroxyl radicals), a fluorescent

molecule, a chemiluminescent molecule, a radioisotope, an enzyme substrate, a biotin

molecule, an avidin molecule, a streptavidin molecule, an electrical charged transducing or

transferring molecule, a nuclear magnetic resonance molecule, a semiconductor nanocrystal

or nanoparticle, a colloid gold nanocrystal, an electromagnetic molecule, a ligand, a

25 microbead, a magnetic bead, a paramagnetic particle, a quantum dot, a chromogenic substrate,

an affinity molecule, a protein, a peptide, a nucleic acid molecule, a carbohydrate, an antigen,
.

a hapten, an antibody, an antibody fragment, and a lipid.

Specific examples of detectable molecules include radioactive isotopes such as P32
or

H3
,
fluorophores such as fluorescein isothiocyanate (FITC), TRITC, rhodamine,

30 tetramethylrhodamine, R-phycoerythrin, Cy-3, Cy-5, Cy-7, Texas Red, Phar-Red,

allophycocyanin (APC), epitope tags such as the FLAG or HA epitope, and enzyme tags such

as alkaline phosphatase, horseradish peroxidase, p-galactosidase, and hapten conjugates such
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as digoxigenin or dinitrophenyl, etc. Other detectable markers include chemiluminescent and

chromogenic molecules, optical or electron density markers, etc. The probes can also be

labeled with semiconductor nanocrystals such as quantum dots (i.e., Qdots), described in

United States Patent No. 6,207,392. Qdots are commercially available from Quantum Dot

5 Corporation.

In some embodiments, the probes are labeled with detectable molecules that emit

distinguishable signals detectable by one type of detection system. For example, the

detectable molecules can all be fluorescent labels or radioactive labels. In other

embodiments, the probes are labeled with molecules that are detected using different detection

10 systems. For example, one probe may be labeled with a fluorophore while another may be

labeled with radioactive molecule.

Analysis of the nucleic acid involves detecting signals from the detectable molecules,

and determining their position relative to one another. In some instances, it may be desirable

to further label the target nucleic acid molecule with a standard marker that facilitates

15 comparison of information obtained from different targets. For example, the standard marker

may be a backbone label, or a label that binds to a particular sequence of nucleotides (be it a

unique sequence or not), or a label that binds to a particular location in the nucleic acid

molecule (e.g., an origin ofreplication, a transcriptional promoter, a centromere, etc.).

One subset ofbackbone labels are nucleic acid stains that bind nucleic acid molecules

20 in a sequence independent manner. Examples include intercalating dyes such as

phenanthridines and acridines (e.g., ethidium bromide, propidium iodide, hexidium iodide,

dihydroethidium, ethidium homodimer-1 and -2, ethidium monoazide, and ACMA); some

minor grove binders such as indoles and imidazoles (e.g., Hoechst 33258, Hoechst 33342,

Hoechst 34580 and DAPI); and miscellaneous nucleic acid stains such as acridine orange

25 (also capable of intercalating), 7-AAD, actinomycin D, LDS751, and hydroxystilbamidine.

All ofthe aforementioned nucleic acid stains are commercially available from suppliers such

as Molecular Probes, Inc. Still other examples ofnucleic acid stains include the following

dyes from Molecular Probes: cyanine dyes such as SYTOX Blue, SYTOX Green, SYTOX

Orange, POPO-1, POPO-3, YOYO-1, YOYO-3, TOTO-1, TOTO-3, JOJO-1, LOLO-1,

30 BOBO-1, BOBO-3, PO-PRO-1, PO-PRO-3, BO-PRO-1, BO-PRO-3, TO-PROl, TO-PRO-

3, TO-PRO-5, JO-PRO-1, LO-PRO-1, YO-PRO-1, YO-PRO-3, PicoGreen, OliGreen,

RiboGreen, SYBR Gold, SYBR Green I, SYBR Green II, SYBR DX, SYTO-40, -41, -42, ~
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43, -44, -45 (blue), SYTO-13, -16, -24, -21, -23, -12, -11, -20, -22, -15, -14, -25 (green),

SYTO-81, -80, -82, -83, -84, -85 (orange), SYTO-64, -17, -59, -61, -62, -60, -63 (red).

It is to be understood that the labeling ofthe probe should not interfere with its ability

to recognize and bind to a nucleic acid molecule.

5 The nucleic acid probes can also be labeled using antibodies or antibody fragments

and their corresponding antigen or hapten binding partners. Detection ofsuch bound

antibodies and proteins or peptides is accomplished by techniques known to those skilled in

the art. Hapten conjugates such as digoxigenin or dinitrophenyl can also be used.

Antibody/antigen complexes which form in response to hapten conjugates are easily detected

10 by linking a label to the hapten or to antibodies which recognize the hapten and then

observing the site ofthe label. Alternatively, the antibodies can be visualized using secondary

antibodies or fragments thereofthat are specific for the primary antibody used. Polyclonal

and monoclonal antibodies may be used. Antibody fragments include Fab, F(ab)2, Fd and

antibody fragments which include a complementarity determining region (CDR) and more

15 particularly a CDR3

.

In other embodiments, the probes are labeled with substrates for enzymatic reactions.

Suitable enzymatic reactions include those that generate a new nucleic acid product that can

be detected using a single molecule detection system. These enzymatic reactions include

primer extension reactions and ligase-mediated reaction, both ofwhich form newly

20 synthesized nucleic acid molecules. In some embodiments, the detectable product can in turn

be amplified prior to being detected, but this is not essential, as the detection systems

described herein are capable of detecting single nucleic acid molecules. In some

embodiments, a detectable product can only be formed iftwo or more unit specific markers

are located within a certain distance of each other. For example, if the enzymatic reaction is a

25 polymerase chain reaction, then in order for the detectable product to be formed and

amplified, it is necessary that at least two unit specific markers be bound to the target

polymer.

In some instances, the probes ofthe invention can be further labeled with cytotoxic

agents or nucleic acid cleaving enzymes. In this way, the probes can be used for therapeutic

30 purposes as well as for nucleic acid detection and analysis. This may be particularly useful

where the probe has sequence specificity to a known genetic mutation or translocation

associated with a disorder or a predisposition to a disorder. In other embodiments, a probe
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that is specific for wild type sequence may be conjugated to a nucleic acid cleaving enzyme,

and in this way used as a negative selection against wild type sequences in a sample. The

ability to cleave and subsequently eliminate wild type sequences allows for the enrichment of

unique sequences.

5 The invention embraces the use of a variety of detection systems. The nature of such

detection systems will depend upon the nature ofthe label being detected. The nucleic acid

molecule may be analyzed using a single molecule detection system. The detection system

may also be a linear polymer detection system, but it is not so limited. As stated earlier, it is

not necessary to linearize or stretch the nucleic acid molecule prior to analysis in some

10 embodiments. This is particularly true if the analysis depends on the presence of a

hybridization event, or if coincident detection is used. An example of a single molecule

detection system is the Gene Engine™ system. Gene Engine™ technology is described in

greater detail in PCT patent applications having serial numbers WO98/35012, WO00/09757,

and WO01/13088, published on August 13, 1998, February 24, 2000, and February 22, 2001

15 respectively, in U.S. Patent 6,355,420 Bl issued March 12, 2002. The contents ofthese

applications and patent, as well as those of other patents and references recited herein are

incorporated by reference in their entirety. This system is capable inter alia ofdetermining

the spatial location of sequence-specific labels along a nucleic acid polymer. The order of

nucleotides (i.e., the nucleotide sequence) can be derived from the relative spatial localization

20 of sequence specific tags fixed to nucleic acid polymers. In many ofthe methods provided

herein, it is not necessary to determine where the probe binds to the target, but rather simply

that it does or does not bind. Accordingly, it is not always necessary that the target polymer

be "linearized" or stretched out prior to interrogation (e.g., contact with a laser). Rather, the

target polymer can be interrogated while it is intertwined provided that the detectable

25 molecule is available for interrogation.

In some embodiments, an analysis intends to detect preferably two or more detectable

signals. As described herein, a first unit specific marker can interact with the energy source to

produce a first signal and a second unit specific marker can interact with the energy source to

produce a second signal. The signals so produced may be different from one another, but in

30 all cases must be distinguishable from each other, thereby enabling more than one type of

unit to be detected on a single target polymer. Use of detection molecules that emit distinct

signals (e.g., one emits at 535 nm and the other emits at 630 nm) enables more thorough
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sequencing of a target polymer since units located within the known detection resolution can
*

now be separately detected and their positions can be distinguished and thus mapped along

the length ofthe polymer.

The labeled polymer is exposed to an energy source in order to generate a signal from

5 the label. As used herein, the labeled polymer is "exposed" to an energy source by

positioning or presenting the labeled unit specific marker bound to the polymer in interactive

proximity to the energy source such that energy transfer can occur from the energy source to

the labeled unit specific marker, thereby producing a detectable signal. Interactive proximity

means close enough to permit the interaction or change which yields that detectable signal.

10 The energy source may be selected from the group consisting of electromagnetic

radiation, and a fluorescence excitation source, but is not so limited. "Electromagnetic

radiation" as used herein is energy produced by electromagnetic waves. Electromagnetic

radiation may be in the form of a direct light source or it may be emitted by a light emissive

compound such as a donor fluorophore. "Light" as used herein includes electromagnetic

15 energy of any wavelength including visible, infrared and ultraviolet. A fluorescence

excitation source as used herein is any entity capable of making a source fluoresce or give rise

to photonic emissions (i.e. electromagnetic radiation, directed electric field, temperature,

physical contact, or mechanical disruption.)

In one aspect, the method further involves exposing the labeled polymer to a station to

20 produce distinct signals arising from the labels ofthe unit specific markers. As used herein, a

labeled polymer is "exposed" to a station by positioning or presenting the labeled unit specific

marker bound to the polymer in interactive proximity to the station such that energy transfer

or a physical change in the station can occur, thereby producing a detectable signal. A

"station" as used herein is a region where a portion of the polymer (having a labeled unit

25 specific marker bound thereto) is exposed to an energy source in order to produce a signal or

polymer dependent impulse. The station may be composed of any material including a gas,

but preferably the station is a non-liquid material. In one preferred embodiment, the station is *

a composed ofa solid material. If the labeled unit specific marker interacts with the energy

source at the station, then it is referred to as an interaction station. An "interaction station" is

30 a region where a labeled unit specific marker and the energy source can be positioned in close

enough proximity to each other to facilitate their interaction. The interaction station for
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fluorophores is that region where the labeled unit specific marker and the energy source are

close enough to each other that they can energetically interact to produce a signal.

When the labeled unit specific markers are sequentially exposed to the station and/or

the energy source, the marker (and thus polymer) and the station and/or the energy source

5 move relative to each other. As used herein, when the marker and the station and/or energy

source move relative to each other, this means that either the marker (and thus polymer) or the

station and/or the energy source are both moving, or alternatively only one ofthe two is

moving and other is stationary. Movement between the two can be accomplished by any

means known in the art. As an example, the marker and polymer can be drawn past a

10 stationary station by an electric current. Other methods for moving the marker and polymer

past the station include but are not limited to magnetic fields, mechanical forces, flowing

liquid medium, pressure systems, suction systems, gravitational forces, and molecular motors

(e.g., DNA polymerases or helicases ifthe polymer is a nucleic acid, and myosin when the

polymer is a peptide such as actin). Polymer movement can be facilitated by use of channels,

75 grooves, or rings to guide the polymer. The station is constructed to sequentially receive the

target polymer (with labeled unit specific markers bound thereto) and to allow the interaction

ofthe label and the energy source.

The interaction station in a preferred embodiment is a region ofa nanochannel where a

localized energy source can interact with a polymer passing through the channel. The point

20 where the polymer passes the localized region of agent is the interaction station. As each

labeled unit specific marker passes by the energy source a detectable signal is generated. The

energy source may be a light source which is positioned a distance from the channel but

which is capable oftransporting light directly to a region ofthe channel through a waveguide.

An apparatus may also be used in which multiple polymers are transported through multiple

25 channels. The movement ofthe polymer may be assisted by the use ofa groove or ring to

guide the polymer.

Other arrangements for creating interaction stations are embraced by the invention.

For example, a polymer can be passed through a molecular motor tethered to the surface of a

wall or embedded in a wall, thereby bringing units of the polymer sequentially to a specific

30 location, preferably in interactive proximity to the energy source, thereby defining an

interaction station. A molecular motor is a compound such as polymerase or helicase which

interacts with the polymer and is transported along the length ofthe polymer past each unit.
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Likewise, the polymer can be held stationary and a reader can be moved along the polymer,

the reader having attached to it the energy source. For instance the energy source may be held

within a scanning tip that is guided along the length ofthe polymer. Interaction stations then

are created as the energy source is moved into interactive proximity to each labeled unit

5 specific marker.

As discussed earlier many methods may be used to move the polymer linearly across

the channel and past the interaction station or signal generation station. A preferred method

according to the invention utilizes and electric field. An electric field can be used to pull a

polymer through a channel because the polymer becomes stretched and aligned in the

10 direction ofthe applied field as has previously been demonstrated in several studies

(Bustamante, 1991; Gurrieri et al., 1990; Matsumoto et al, 1981). The most related

experiments regarding linear crossing ofpolymers through channels arise from experiments in

which polymeric molecules are pulled through protein channels with electric fields as

described in Kasianowicz et al., 1996 and Bezrukov et al., 1994, each ofwhich is hereby

75 incorporated by reference.

In order to achieve optimal linear crossing of a polymer across a channel it is

important to consider the channel diameter as well as the method used to direct the linear

crossing of the polymer e.g., an electric field. The diameter ofthe channels should

correspond well with that ofthe labeled polymer. The theory for linear crossing is that the

20 diameter ofthe channels correspond well with that of the polymer. For example the ring-like

sliding clamps ofDNA polymerases have internal diameters that correspond well with the

diameter of double-stranded DNA and are successful at achieving linear crossing of a DNA

molecule. Many kilobases ofDNA can be threaded through the sliding clamps. Several

references also have demonstrated that linear crossing ofDNA through channels occurs when

25 the diameter ofthe channels corresponds well with that of the diameter of the DNA.

(Bustamante, 1991; Gurrieri et al., 1990; Matsumoto et al., 1981).

The interaction station uses unique arrangements and geometries that allow the

localized radiation spot to interact with one or several polymer units or unit specific marker

labels that are on the order ofnanometers or smaller. Optical detector detects light modified

30 by the interaction and provides a detection signal to the processor.

As the labeled polymer passes through interaction station, the optical source emits

radiation electric or electromagnetic field, X-ray radiation, or visible or infrared radiation for
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characterizing the polymer passing through the interaction station directed to an optical

component of interaction station. The optical component produces a localized radiation spot

that interacts directly with a) the polymer backbone (e.g., when the polymer backbone is

bound to an intercalator that emits radiation), b) labels attached to the unit specific markers, or

5 c) both the backbone units and the labels. The localized radiation spot includes non-radiating

near field or an evanescent wave, localized in at least one dimension. The localized radiation

spot provides a much higher resolution than the diffraction-limited resolution used in

conventional optics.

The interaction between the labeled unit specific marker and the agent can take a

10 variety of forms. As a first example, the interaction can take place between an energy source

that is electromagnetic radiation and a labeled unit specific marker that is a light emissive

compound (preferably, a unit specific marker that is extrinsically labeled with a light emissive

compound). When the light emissive compound is exposed to the electromagnetic radiation

(such as by a laser beam of a suitable wavelength or electromagnetic radiation emitted from a

15 donor fluorophore), the electromagnetic radiation causes the light emissive compound to emit

electromagnetic radiation of a specific wavelength. A second type of interaction involves an

energy source that is a fluorescence excitation source and a unit specific marker that is labeled

with a light emissive compound. When the light emissive unit is contacted with the

fluorescence excitation source, the fluorescence excitation source causes the light emissive

20 compound to emit electromagnetic radiation of a specific wavelength. In both examples, the

signal that is measured exhibits a characteristic pattern of light emission, indicating that a

particular unit of the polymer is present at that particular location.

A variation of these types of interaction involves the presence of a third element of the

interaction, a proximate compound which is involved in generating the signal. For example, a

25 unit specific marker may be labeled with a light emissive compound which is a donor

fluorophore and a proximate compound can be an acceptor fluorophore. If the light emissive

compound is placed in an excited state and brought proximate to the acceptor fluorophore,

then energy transfer will occur between the donor and acceptor, generating a signal which can

be detected as a measure of the presence ofthe unit specific marker which is light emissive.

SO The light emissive compound can be placed in the "excited" state by exposing it to light (such

as a laser beam) or by exposing it to a fluorescence excitation source.
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A set of interactions parallel to those described above can be created in which the light

emissive compound is the proximate compound and the labeled unit specific marker is an

acceptor source. In these instances the energy source is electromagnetic radiation emitted by

the proximate compound, and the signal is generated by bringing the labeled unit specific

5 marker in interactive proximity with the proximate compound.

The mechanisms by which each ofthese interactions produce detectable signals are

known in the art. PCT applications WO98/35012, WO00/09757 and WO01/13088, published

on August 13, 1998, February 24, 2000 and February 22, 2001, respectively, and U.S. Patent

6,355,420 Bl issued March 12, 2002, describe the mechanism by which a donor and acceptor

10 fluorophore interact according to the invention to produce a detectable signal including

practical limitations which are known to result from this type of interaction and methods of

reducing or eliminating such limitations.

Once the signal is generated it can then be detected. The particular type of detection

means will depend on the type of signal generated which of course will depend on the type of

15 interaction which occurs between the unit and the energy source. Most ofthe interactions

involved in the method will produce an electromagnetic radiation signal. Many methods are

known in the art for detecting electromagnetic radiation signals. Preferred devices for

detecting signals are two-dimensional imaging systems that have, among other parameters,

low noise, high quantum efficiency, proper pixel-to-image correlation, and efficient

20 processing times. An example of a device useful for detecting signals is a two-dimensional

fluorescence imaging system which detects electromagnetic radiation in the fluorescent

wavelength range.

The detection system can be selected from any number of detection systems known in

the art. These include a charge coupled device (CCD) detection system, an electron spin

25 resonance (ESR) detection system, an electrical detection system, a photographic film

detection system, a fluorescent detection system, a chemiluminescent detection system, an

enzyme detection system, an atomic force microscopy (AFM) detection system, a scanning

tunneling microscopy (STM) detection system, an optical detection system, a nuclear

magnetic resonance (NMR) detection system, a near field detection system, a total internal

30 reflection (ITR) detection system, and a electromagnetic detection system.

Other single molecule nucleic acid analytical methods which involve elongation of

DNA molecule can also be used in the methods ofthe invention. These include optical
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mapping (Schwartz et al., 1993; Meng et al., 1995; Jing et al, 1998; Aston, 1999) and fiber-

fluorescence in situ hybridization (fiber-FISH) (Bensimon et al., 1997). In optical mapping,

nucleic acid molecules are elongated in a fluid sample and fixed in the elongated

conformation in a gel or on a surface. Restriction digestions are then performed on the

elongated and fixed nucleic acid molecules. Ordered restriction maps are then generated by

determining the size ofthe restriction fragments. In fiber-FISH, nucleic acid molecules are

elongated and fixed on a surface by molecular combing. Hybridization with fluorescently

labeled probe sequences allows determination of sequence landmarks on the nucleic acid

molecules. Both methods require fixation of elongated molecules so that molecular lengths

and/or distances between markers can be measured. Pulse field gel electrophoresis can also

be used to analyze the labeled nucleic acid molecules. Pulse field gel electrophoresis is

described by Schwartz et al. (1984). Other nucleic acid analysis systems are described by

Otobe et al. (2001), Bensimon et al. in U.S. Patent 6,248,537, issued June 19, 2001, Herrick

and Bensimon (1999), Schwartz in U.S. Patent 6,150,089 issued November 21, 2000 and U.S.

Patent 6,294,136, issued September 25, 2001 . Other linear polymer analysis systems can also

be used, and the invention is not intended to be limited to solely those listed herein.

The following Examples illustrate various embodiments of the invention. These

Examples are illustrative and do not narrow the scope ofthe invention.

Examples

It is to be understood that although many ofthe examples provided herein refer to

DNA as the molecule being analyzed, the invention intends to embrace all nucleic acid

molecules, and in some embodiments other polymers as well such as peptides and

carbohydrates. Importantly, the methods are suitable for RNA analysis which can be

performed without amplification or significant degradation ofthe RNA sample. Non-nucleic

acid polymers can be analyzed using agents that bind to them such as aptamers which can be

developed to bind specifically to a broad range of compounds. Thus, although the examples

refer explicitly to DNA, the methods can be used for any polymer type, whether it is nucleic

acid in nature or not.

J. Haplotyping methods.
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Haplotyping can be carried out using multi-color analysis. These methods can be used

in conjunction with different methods of single molecule readout including but not limited to

confocal imaging, total internal reflection (TIR) detection, optical imaging, and scanning-

based approaches. This method is described briefly herein. Regions of a nucleic acid such as

5 a genomic DNA molecule are either directly tagged or accessed using sequence

discriminatory chemistries such as primer extension technology. Two or more polymorphic

sites are tagged using different colors. The coincident detection ofthese colors allow for the

determination of the haplotypes present in the sample. This is illustrated in Fig. 1

.

As show in Fig. 1 , the different haplotypes in the sample are determined by the

10 coincidence detection of the two fluorophores in the sample. The coincidence detection can

be detected through the acquisition of sequential scans or images that recognize the different

spectral characteristics ofthe sample.

Other haplotyping methods include the fixing ofDNA molecules to a surface and

spatially determining the haplotype based on position or spectrally-dependent colors. In this

15 particular embodiment, the amplified or genomic molecules of interest are fixed to a surface

and polymorphism dependent reactions are performed to allow the determination of

haplotypes over the region of interest. This reaction may include polymorphism scoring

reactions such as primer-extension reactions ligase-mediated detection, allele-specific

hybridization (ASH), or other methods.

20 The sequence of events in the detection of single molecule haplotypes is as follows:

(1) fixing the DNA molecules to the surface using techniques known in the art, (2) denaturing

the DNA (if double-stranded), (3) detecting the polymorphisms along two or more sites along

the length ofthe DNA. The above steps can be performed in any order that is suitable and are

not limited to the order presented above. For instance, the DNA molecules can be hybridized

25 with primers and extended with dideoxy fluorophores in solution first. Subsequently, this

solution oftaggedDNA molecules can then be separated from any free fluorophores in

solution. The tagged DNA molecules can then be fixed to the surface and detected using an

imaging or scanning-based system.

The detection could be a multicolor detection mechanism, a differential intensity

30 detection method, or a spatial detection method. Fig. 2 illustrates some of these examples. In

Fig. 2, the DNA molecules are fixed to the surface in random orientation. The differential

color labeling ofthe polymorphic sites may or may not be coincident on the image depending
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on: (1) how the DNA molecule was affixed to the surface and (2) how far apart the

polymorphic sites are based on the physical distance. There is no limitation on the number of

polymorphisms (e.g., single nucleotide polymorphisms (SNPs), microsatellites,

insertions/deletions, etc.) that can be assayed because there are a multitude of colors and

5 differential tags available that can be used.

The presence or absence of the particular patterns are indicative ofthe haplotype of

the sample. In a given human sample, for a particular region of the genome, there can only be

a maximum oftwo haplotypes present in the sample because of the two possible alleles.

Different tagging patterns can be used to identify the different haplotypes in the mixture.

10 These tagging patterns may include the use ofmultiple color combinations along the length of

the DNA molecules. Different intensities ofthe fluorescent tags can be used.
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a Fixed or arrayed oligonucleotidesfor haplotype determination.

More complex methods ofhaplotype determination involve the use of

oligonucleotides fixed or arrayed to a surface and various subsequent polymorphism detection

methods to determine the linked polymorphisms on that particular strand ofDNA.

5 Fig. 3 illustrates an embodiment ofthese methods. The haplotypes are determined by

an allele-specific hybridization to spatially defined locations on the surface. In this particular

example, SNP(lOOl) denotes a SNP position at a certain position in the genome. SNP(1002)

and SNP(1003) denote positions downstream of SNP(1001) that give the spatial haplotypes

for the particular SNP. The fixed capture oligonucleotide allows an initial discrimination

10 between variants in SNP(lOOl) position. Subsequent interrogation ofthe downstream SNPs

(i.e., 1002 and 1003) with multiple colors allows the determination ofthe haplotypes present

in the mixture.

Variations on this embodiment may include the use ofthe fixed oligonucleotide as the

capture oligonucleotide for that particular region ofthe genome. With this scheme,

15 knowledge ofthe oligonucleotide sequence with spatial position allows the determination of

the particular haplotypes at that particular position. This particular embodiment does not

require the use of single molecule detection to determine the haplotype ofthe DNA sample,

but would benefit from the use of single molecule detection. Single molecule detection

allows the use of genomic DNA as opposed to amplified DNA to assay the haplotypes.

20 Arrayed methods ofhaplotype determination allow the determination of multiple

haplotypes across the genome through the use ofarrayed oligonucleotides that are specific for

different regions ofthe genome.

Fig. 4 shows haplotype determination using multiple color analysis for each location

and one location specific capture oligonucleotide for each location.

25 Fig. 5 shows haplotype determination using multiple color analysis for a SNP-specific

capture oligonucleotide at each position. The haplotype is determined by further hybridizing

a primer-extended product ofone oftwo colors, a green oligonucleotide or an orange

oligonucleotide for the second site.

Fig. 6 shows the haplotype determination using an oligonucleotide that is fixed to a

30 surface using an oligonucleotide specific for the particular haplotypic region of the genome.

For a two SNP haplotype, 4-colors for the chemistries at the two different locations allows

full determination of the haplotype ofthe sample.
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The methods in Figures 5 and 6 are not dependent on single molecule detection, but

rather dependent on the ability to distinguish colors and haplotypes based on spatial and

colorimetric determination.

b. Haplotype analysis using allele separation,

Haplotypes can be determined using non-single molecule methods if the alleles are

separated. The concept of allele separation is important because otherwise the alleles remain

mixed together and the readout will combine the haplotype information indiscriminately.

Traditionally, methods of allele separation have been through cloning. Other methods include

the use ofsomatic cell hybrids to isolate a single chromosome at one time. Currently, the

somatic cell hybrids and kits for making such hybrids can be purchased through GMP

Genetics (MA).

PCR amplified regions ofthe genome also need to be separated in order to determine

the haplotype because both alleles are amplified concurrently. Without the separation ofthe

alleles, the haplotype information is combined. As show in Fig. 7, without separation of the

alleles, the detection of the two haplotypes upon readout yields the mixture of the four colors.

However, if the two alleles were separated into two different chambers and read out, then it

would be possible to derive information about the haplotypes separately.

The invention embraces methods for the separation of alleles. These include allele

separation using spatial separation on a surface, such as in an array format. Other methods of

allele separation include the use of allele-specific hybridization in various formats to allow the

separation of the two alleles. These methods of separation ofthe two alleles include: spatial

separation on a surface, different microtiter wells with a different allele-specific

oligonucleotide, beads with different allele-specific oligonucleotides, columns with allele-

specific oligonucleotides, and gel-based methods of allele separation. These are illustrated in

Fig. 8.

After the alleles are separated, various tagging approaches can be utilized to assay the

various haplotypes in the solution. For instance, multi-color approaches can be used to

determine the presence ofthe haplotypes, as shown in Fig. 9. Fig. 9 shows that haplotypes

can be determined through the use oftwo to four color tagging schemes in which each color

codes for a different biallelic SNP. The chemistry for the multi-color readout of the

haplotypes can be primer-extension of fluorescent ddNTPs, fluorescent allele-specific
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hybridization (oligos, PNAs, synthetic sequence-specific binding agents), allele-specific

ligation, or any other method that allows the colorimetric identification ofthe SNPs.

Determination ofthe haplotypes can be accomplished using further separation steps,

as show in Fig. 10.

5

c. Allele-specific PCRfor single molecule haplotype analysis.

Haplotypes can also be determined through the use of allele-specific PCR. Allele-

specific PCR coupled together with single molecule detection allows a single PCR reaction to

determine the presence or absence ofup to four possible haplotypes in the solution. Allele-

10 specific PCR allows a unique ability to determine the presence of haplotypes in a solution

through the allele-specificity of allele-specific PCR. Allele-specific PCR requires the

matching of allele-specific information on the 3'-ends ofthe primer. Only through the direct

match ofthe two alleles does it allow for the amplification of the PCR product. Fig. 1

1

illustrates allele-specific PCR coupled with single molecule detection.

15 The matching ofthe terminal 3' base allows for the formation ofthe PCR product. In

the case oftwo SNPs that are required to be assayed by allele-specific PCR, there are four

possible PCR products that can be formed. The four products that arise would be analyzed

independently through the use of individual reactions and gel electrophoresis analysis using

standard molecular biology methods. In contrast, the use of single-molecule analysis methods

20 allows the direct determination ofthe presence or absence of the four potential alleles

(haplotypes) in the solution through the use of four primers that are labeled each with a

different fluorophore. Each of the four primers have a particular SNP or 3' specificity.

Amplification of the products that are in the solution allow for the analysis of the different

PCR products. The potential four alleles are then determined through the use of single

25 molecule detection methods that allow the precise determination of the haplotypes present in

the sample.

For instance, if a sample from an individual with a heterozygous haplotype ofAG and

AT is being assayed, then the allele-specific PCR amplification reaction would amplify the

two haplotypes. The amplification primers would be labeled with a detectable label such as a

30 fluorophore. As an example, the primer with the 3
' end specific for the "A" SNP can be

labeled with coumarin and the primers specific for the "G" andT SNPs can be labeled with
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TAMRA and Cy-5, respectively. The amplification reaction thus links the coumarin-TAMRA

for the "AG" haplotype and coumarin-Cy5 for the "AT" haplotype.

Single molecule detection ofthe individual products allows the analysis of the

different haplotypes present in the mixture through the coincident detection or spatial

localization ofthe haplotypes. The single molecule detection can be accomplished through

the use ofimaging methods such as total internal reflection detection or through the use of

point detection methods such as near-field detection or confocal single molecule detection

methods. For instance, if these products were spread onto a glass surface and then imaged

using a multi-color single molecule detection technology, then the analysis would be

straightforward. Alternatively, ifthe products were flowed through a nanofabricated chip

through a point detection system, then the detection ofthe coincidence ofthe different colors

would allow the determination ofthe presence or absence of the haplotypes in the solution

mixture.

77. NovelMethodsfor Determining Size andDistance in DNA,

Various methods of tagging and labeling allow for the unique sizing ofDNA

molecules. SizingDNA is traditionally important for the analysis ofrestriction fragments,

PCR fragments, and DNA sequencing products. Through the use of single molecule analysis

methods, the need for size separation, either through a capillary or a slab gel, is not required.

Sizing ofnucleic acids is routinely used in forensic analyses as well as in paternity

determinations, inter alia.

a. Sizing using combined integrated intensity and velocity determination.

Improved methods of sizing nucleic acid molecules are also described that allow for

greater accuracy ofthe measurement ofthe size of a nucleic acid molecule using integrated

intensity. Limitations inherent in the use of an integrated intensity approach include Gaussian

beam profiles, non-uniform speed ofmovement through the excitation volume, non-uniform

labeling along the length ofthe nucleic acid, and photon shot noise from the emitted signal

The invention provides several solutions for overcoming these limitations. Some of

them are related to the experimental apparatus and some are related to the labeling ofthe

nucleic acid molecule. The correction ofthe Gaussian beam profile of a confocal laser spot

for the determination of integrated intensity as correlated with size can be corrected for
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through the careful definition and restriction of the location ofpassage ofthe nucleic acid

molecule through the Gaussian spot. This can be accomplished through the use ofa narrow

channel (i.e., 100 nm x 1 00 nm) that is positioned within the beam and calibrated for the

excitation intensity ofthe beam. Furthermore, through the use of such a channel, the nucleic

5 acid molecule can be passed through multiple confocal spots and the average of the intensity

ofthe nucleic acid molecule passing through all the spots can then be determined. The

excitation volume can also be enlarged to be much greater than the diffraction limited spot to

allow for less illumination inhomogeneity at the point ofpassage and thus measurement ofthe

integrated intensity ofthe nucleic acid molecule. The simplest solution, however, is to take

10 an imaging-based approach and a uniform illumination source to determine the integrated

intensity of the nucleic acid molecules passing through the system.

Ifthe experimental apparatus is a point illumination and detection scheme with the

molecules passing through the excitation volume as a time-of-flight measurement, a

confounding variable is the non-uniform speed of the molecules through the volume. This

15 can be illustrated in the Fig. 12 which shows that the integrated intensity ofmolecules can be

non-informative and arbitrary in light ofnonuniform speeds of nucleic acid molecule

movement through the system. A given number of fluorophores emits a certain number of

photons per time collection window. The slower that a molecule moves through the spot, the

longer the time of data collection, but the photon rate per collection window (bin) remains

20 constant because ofthe assumed constant rate ofphoton emission. The experimental

correction of this can be adjusted for through an experimental configuration that determines

the velocity ofthe nucleic acid molecule and takes this information into consideration when

determining the integrated intensity signal ofpassage ofthe molecule through the confocal

beam. The estimation of the velocity ofthe nucleic acid molecule, through the use of multiple

25 confocal illumination spots can thus approximate an accurate velocity profile that can be used

in giving meaning to integrated intensity values.

In the case of the imaging-based approach to integrated intensity sizing, the

measurements are more accurate given the uniformity ofthe illumination and the defined

integration time for capture of the image. Another method to correct for the non-uniformity is

.

SO to create a uniform velocity passage of nucleic acid molecules past the region of excitation.

This can be done through the design offlow and nucleic acid molecule transport mechanisms

that achieve this aim.
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Non-uniform labeling of nucleic acid molecules with fluorophores can present a

problem because the labeling is indicative ofthe size ofthe nucleic acid molecule.

Intercalation ofthe nucleic acid molecules can depend on the intercalator dye used in the

analysis. For example, some dyes bind more favorable to GC- or AT-rich regions ofthe

genome, creating typical "banding" patterns as observed by fluorescence in situ hybridization

(FISH). Other types ofintercalator dyes bind to DNA uniformly, but are influenced by

competitive binding to surfaces. This creates a non-uniformity that is random and

unpredictable.

The invention encompasses the ability to label DNA uniformly and thus give rise to

more accurate determination of the size ofthe DNA as estimated through the accurate

determination of intercalator intensity. For instance, the type of labeling that is most robust

and predictable is covalent labeling ofthe nucleic acid molecule. Single molecule analysis

requires consistency and uniformity between different samples and thus intercalation can

yield a relatively high error in the determination of molecular size. The base pair to

intercalator ratio can be difficult to control under various conditions. In order to more

accurately measure the size ofnucleic acid molecules, a different labeling method is proposed

that allows for more accurate measurement of the their lengths. This method allows a more

precise labeling method through the use of covalently labeled base pairs in the nucleic acid

molecule sample. This method uses fluorescent agents that are covalent bound to the nucleic

acid molecule. These agents and kits for their use are commercially available from Panvera

Corporation or Mirus Inc. The LabelFT kit for example allows the covalent binding of a

fluorophore to the DNA molecule. This covalent binding allows a well-controlled

incorporation offluorophores along the backbone ofthe nucleic acid molecule. This

increases the accuracy of the labeling and thus the ability to determine molecule size from the

intensity ofthe nucleic acid molecule.

Photon shot-noise is another limitation in the determination of nucleic acid molecule

length. Photon shot-noise arises from the statistical fluctuation ofphoton emission and

collection ofphotons from any source.

b. Multicolor sizing methods.

Methods of sizing nucleic acid molecules can be performed using primers or other

sequence-recognition reagents. The sizes of nucleic acid molecules can be determined in the
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following way. A nucleic acid molecule with a known sequence and length is present. In

order to determine both the presence and the size of another nucleic acid molecule, a

multicolor oligonucleotide tagging approach is employed. This tagging approach requires the

sequence knowledge ofthe nucleic acid molecule to be targeted. This approach is illustrated

5 in Fig. 13.

In Fig. 13, the hybridization oftwo oligonucleotides with different fluorophores to the

nucleic acid molecule allows one to determine whether the nucleic acid molecule is present in

the sample and its size. In order to determine its size, the probe sequences are chosen so that

they reside at a distance that is commensurate with the distance that is being measured. For

10 instance, in a particular mixture ofDNA molecules, ifa 3000 base pair (bp) sequence needs to

be detected, then if the sequences are chosen that are at a distance ofless than 3000 bp apart,

their presence on a single nucleic acid molecule indicates that the molecule is present but

would not necessarily confirm the size of the fragment. Placing the oligonucleotides at a

distance commensurate with the size of the target nucleic acid molecule allows the size of the

75 fragment to be verified. The readout and the detection ofthe multiple color oligonucleotide

tags is performed through multi-color single molecule detection.

This method can be used to determine whether an insertion, a deletion, or an

amplification event has occurred in a particular nucleic acid sequence. In some embodiments,

the nucleic acid sequence may be one that is at risk of such a genetic event. Accordingly, if

20 probes are chosen that are spaced at a known distance from each other in a wild type

sequence, then any change in the distance between these probes in a sample indicates that a

genetic event has occurred in the sample. Ifthe probes are closer to each other in the sample

as compared to wild type, this could indicate that a deletion event has occurred. If the probes .

are farther from each other in the sample as compared to the wild type, this could indicate that

25 an insertion event has occurred.

a General determination ofthe size ofa nucleic acidfragment throughfluorophore

incorporation.

Fluorophore incorporation allows the direct and proportional analysis of fluorophores

30 on a growing strand of nucleic acid molecule. The general concept of fluorophore

incorporation is that fluorophores are uniformly incorporated throughout the length ofa newly

synthesized nucleic acid molecule, and the resultant total fluorescence ofthe molecule is
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indicative of its length, Fluorophore incorporation can be performed during a PCR reaction,

polymerase extension reactions, and used in more specific methods as determined some of the

methods described below.

d Determination ofthe distances between two sequences (i.e„ microsatellite analysis,

sequence identification, fragment sizing, etc.).

Another application of sizing technology is the determination of the distances between

two sequences in a nucleic acid molecule. The query in this particular instance may be the

size of a particular genomic segment of interest in the genome. This particular analysis is

illustrated in Fig. 14, where the distance between the primer and the stopping oligonucleotide

is determined through the proportional number of fluorescent nucleotides that have been

incorporated into the sample. The distance between the primer and the "stopping"

oligonucleotide (i.e., a sequence-specific binding agent that cannot be removed by the

polymerase) is determined through the fluorescent incorporation of nucleotides into the

growing chain. The proportional number of incorporated nucleotides is detected through

signal intensity. The greater the distance between the primer and the stopping

oligonucleotide, the brighter the integrated signal intensity.

One of the major uses ofthis method of determination of distances between points is

the assaying of microsatellite markers and assessing the size variation ofthe various

microsatellite markers in a given sample. For instance, some common microsatellite markers

differ in size by several di- or tri-nucleotide repeat units. These methods of determination of

the size of the repeat unit is directly assayed through the measurement ofthe fluorescence

intensity ofthe particular molecules of interest In the case ofthe tri-nucleotide repeat of

CGACGACGA, a full incorporation of a fluorescent-dCTP into the growing chain allows

intensity-based determination of the size ofthe microsatellite marker. This allows a rapid

determination of the allele present on the sample. An individual with a heterozygous

microsatellite of lengths 152 and 148 would have the readout shown in Fig. 15.

e. Determination ofthefragment sizes using aprimer run-offreaction.

Similar to assaying size between two points in a sample, the size ofa fragment of

DNA can also be assessed through the use oftechniques such as that involved in primer

extension and fluorophore incorporation. This method requires the use of a primer that
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resides on one end of the fragment that is being assayed. The polymerase extension and the

incorporation of fluorescent nucleotides throughout the length ofthe DNA fragment allows

the size ofthe molecule to be determined through analysis ofthe integrated intensity of the

molecule. This is illustrated in Fig. 16. In the primer run-offreaction, the fluorophores are

5 incorporated throughout the length of the DNA molecule, allowing the length of the molecule

to be determined as proportional to the size of the fragment being assayed.

/ Detection ofsmall distances between points (le. f small insertions/deletion analysis, SNP

scoring, etc),

10 Distances on the order of a small number of bases can also be determined by other

methods that include the use of single-pair FRET (spFRET) for the determination of small

molecular distances. This ability to measure small distances on the molecular level allows for

the creation of assays that rely on the measurement of small molecular distances. SpFRET is

an extraordinarily powerful tool that can be leveraged into a number of different assays. Fig.

75 1 7 shows how detection ofthe small distances in a nucleic-acid system is determined through

the use ofspFRET. In this particular example, a SNP-scoring method is described that allows

the determination ofSNPs through the use of a primer-extension method and also spFRET.

The determination of small distances in a system is useful for the creation of molecular

biology and genetic assays. These methods of analysis are important for the assaying of small

20 insertions or deletions (5-10 bases), novel assays for sequence detection, and molecular

genetic analysis.

FRET has the ability to measure distances between two points separated by 10 A to

100 A. The angstrom resolution ofFRET has been used in studies ofmolecular dynamics and

biophysical phenomena The resolving power ofFRET arises because energy transfer

25 between donor and acceptor fluorophores is dependent on the inverse sixth power of the

distance between the probes. In practice, this resolution is about an order ofmagnitude better

than that ofthe highest resolution electron microscope and with FRET, specimen preparation

is much easier. Furthermore, distances determined by using FRET data compare well with

those measured by X-ray crystallography. The two points of interest are labeled with

30 different dyes, a donor and an acceptor. FRET requires that the excitation spectrum of the

acceptor must overlap with the emission spectrum ofthe donor. In this manner, energy is

transferred through resonance from the donor to the acceptor. By measuring the amount of
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fluorescence resonance energy transfer, it is possible to determine the distance between the

two points of interest.

UL Sequence detection.

The use of single molecule detection methods allows for the direct detection of

sequences without the need for amplification. The detection of these sequences is direct and

straightforward based on tagging schemes that are more optimized for this type of detection.

Sequence detection can be accomplished through a variety ofmethods, including multi-color

sequence determination, various tagging approaches, and also enzymatic methods of detection

ofthe sequences.

The simplest case of sequence detection is the hybridization ofa sequence-specific tag

to the DNA of interest. This allows for the detection ofthe presence or absence ofthe

particular sequence in the sample of interest Other methods include the hybridization of a

sequence-specific tag to the DNA of interest and then the extension of the primer to detect the

hybridization event. A major category of single-molecule sequence detection methods is thus

the detection ofa hybridization event through a method compatible with single molecule

detection.

a Detection ofa hybridization event

Detection of a hybridization event in solution is a binary process that allows for the

direct analysis and detection. This requires that the sequence detection event be a fluorescent-

based signal that allows for the capture ofthe occurrence ofthe binary event.

b. Multi-color tagging and detection approaches.

Multi-color single molecule detection chemistries allow for more specific detection of

the sequences and also allows for additional advantages of not requiring sample cleaning

steps. These methods are described in the following paragraphs and illustrated in Fig. 18.

The two-color primer extension assay allows the ability to avoid sample cleanup as

well as increase the specificity ofthe detection. In this particular assay, the primer is

hybridize to the sample of interest and a fluorescent nucleotide is extended to characterize the

nucleic acid molecule at that particular position. This assay may be used for the detection of
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single nucleotide polymorphisms (SNPs) or the detection of other genetic variation in the

system. (Fig. 19) Coincident color detection is discussed further in a later section.

Sequence detection through the use oftwo-color ligation assays is important as well to

generate the type of analysis that would be universal for sequence detection as well as

5 polymorphism detection. Briefly, this assay consists ofthe hybridization of the

oligonucleotides directly to the sample. The oligonucleotides are labeled each with a different

fluorophore. Only a perfect match of the two oligonucleotides allow for the detection and

ligation ofthe oligonucleotides. The dual-color labeling of the sequence allows for greater

specificity ofthe detection as well as ease of sample cleanup. (Fig. 20.)

10 Fig. 21 shows single-pair FRET can further be leveraged into additional methods of

analysis including more sensitive sequence detection methods such as cleavage of sequence

recognition probes in a direct genomic assay. In this schematic, the target DNA is hybridized

with two oligonucleotides, a primer and a sequence detection probe. The primer allows for

polymerase extension. The sequence detection probe has a reporter fluorophore and a

15 quencher fluorophore on it The quencher fluorophore quenches the fluorescence of the

reporter fluorophore when the two are in close proximity to each other due to radiation-less

energy transfer. The extension ofthe primer through the use ofpolymerase extension allows

for the nicking and degradation of the reporter oligonucleotide ifthe reporter is downstream at

the proper distance from the primer oligonucleotide. This analysis is similar to the TaqMan

20 reaction (Applera Corporation) without the need for a cumbersome PCR step. The analysis

method is more straightforward, robust, and allows for the direct detection of target nucleic

acid molecules without the prior need for amplification. The ability to detect single molecules

overcomes the need for prior amplification and ensures that the sequence information

retrieved is inherent in the target and not a amplification artifact. The real-time readout of

25 single molecule detection also allows for an extremely rapid readout (minutes as opposed to

hours), thereby increasing the productivity and throughput of an ordinary laboratory. (Fig.

22.)

Simple and straightforward methods of spFRET also lead to the rapid ability to detect

sequences in target nucleic acid molecules. Two oligonucleotides with sequences that are

30 close to one another with fluorophores that can undergo fluorescence resonance energy

transfer allows the detection ofsequences with high fidelity because ofthe dual recognition

step from the two oligonucleotides in the target DNA. The two oligonucleotides are labeled
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respectively with FRET pairs, such as tetramethylrhodamine and Cy5. The hybridization of

the two oligonucleotides allow for the direct detection of the sequences through the

measurement ofthe efficiency of fluorescence resonance energy transfer between the two

oligonucleotides. Furthermore, through the choice ofthe proper fluorophores with the correct

Forster distance (the distance defined as half maximal efficiency of energy transfer), an

accurate assessment ofthe distance between the two probes is possible, thus allowing a

detailed analysis of the sequence that is recognized through the use of the oligonucleotide.

This analysis allows for the direct assessment with high sensitivity and specificity the

presence of certain nucleic acid specific features in the sample. (Fig. 23)

The extension ofspFRET can further be coupled to additional sequence discrimination

steps such as primer extension, ligation, etc. and then detection ofspFRET through the

detection of fluorescence from the molecules. The method ofspFRET shown in the above

illustration depicts the detection of a particular polymorphism through the use of a primer

extended fluorophore. The fluorophore that is extended is then capable of fluorescence

resonance energy transfer with the adjacent oligonucleotide and hence allows the direct

detection and analysis ofthe polymorphism of interest in the sample. The extension step adds

additional sensitivity and specificity to the analysis ofthe DNA target.

Two-color, non-spFRET detection also allows for the determination of the presence or

absence ofparticular sequences with high sensitivity and specificity as illustrated in the Fig.

23.

IV. Single molecule gene expression methods.

The novel ability to determine the presence of single sequences allows for direct

analysis of single molecule gene expression. The novel aspect here is the combination of

detection and tagging aspects for the determination of gene expression. The determination of

gene expression through single molecule methods is highly unique. The following illustrates

the process flow for the determination of single molecule gene expression.

In the case of single molecule RNA expression detection, the RNA is isolated from a

cell (e.g., single cell expression analysis), and tagged using multiplexed fluorescent tagging

methods. The methods for multiplexed fluorescent tagging includes the ability to determine

the presence of the tag through the use of sequences that have different colors on them. The

multiplexing of these multiple colors include having the ability to tag different sequences with
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different colors, different combinations of fluorophores, different intensities, fluorophores

with different lifetimes, and fluorescence resonance energy transfer (FRET) fluorophores.

Furthermore, unique tagging schemes can be created to allow for the detection ofunique

sequences in the same. These schemes include the use ofcombinations ofnon-unique probes

5 (i.e. 6-8 basepairs) that are each labeled with a different color fluorophore. Various

combinations of 10 such probes allows for many combinations that would uniquely identify

the sequence of the expressed transcript In addition to combinatorial methods to tag the

DNA molecules, the other methods that include the ability to find and identify the expressed

sequences in a particular sample include the ability to (1) linearize DNA, and (2) to read

10 patterns on the RNA molecules based on the pattern of the signals arising from the sample as

described in U.S. Patent 6,355,420 Bl, issued March 12, 2002. With these methods of

tagging the native (non-amplified) RNA molecules, this opens up new areas that allow for

extremely accurate, highly quantitative methods ofRNA gene expression analysis. In

addition to the tagging of the DNA molecules, various methods to allow for the clean-up of

15 the DNA molecules include the use ofmolecular separation methods (i.e. spin columns, bead

separation), single-stranded digestion and separation methods, and dialysis methods.

a. Mutation/polymorphism detection

In addition to the methods ofDNA detection described in the above areas, other

20 methods that employ single molecule detection use single molecule detection coupled with

chemistries that yield the detection of mutations and polymorphisms. One particular area that

is important to the readout ofthe technology is the ability to read out mutation detection

products that arise from a number oftagging, nucleic acid manipulation, and chemical

alterations ofthe DNA molecules.

25 Detection of mutation and polymorphisms through the use of cleavage-based methods

of analysis. Methods to detect mutations include hybridization and cleavage of products that

allow for the determination ofthe particular mutation in a given system. This ability to

determine the mutation or the polymorphism involves the creation and cleavage of

heteroduplexes. In a general schema, the detection ofthe polymorphism or mutation is

30 performed as follows:

The ability to perform single molecule detection on cleavage products provides for

excellent readout advantages over other detection methods. In current methods of analysis,
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the heteroduplex analysis requires a readout using gel electrophoresis, but through the use of

single molecule detection, the readout ofthe cleavage products is through direct analysis that

requires data capture of less than several seconds. Methods to generate products that rely on

cleavage are known in the art. Some examples include the PCR amplification ofthe region

containing the polymorphism or mutation of interest (incl. Insertion/deletions) with primers of

two different colors. These products are then amplified using these primers. The products are

then denatured and rehybridized, either to each other, or to the normal product. The cleavage

ofthe products is then performed using endonuclease VII, RNase (ifthe product is hybridized

to RNA), or chemical methods (osmodium tetroxide, etc.).

The use ofprimer extension with direct single molecule detection has not been

demonstrated. Primer extension, or minisequencing, has been demonstrated in the art to be

able to quickly and accurately discriminate between different polymorphisms. These methods

of analysis are important for being able to discriminate single molecule polymorphisms and

other important features unique to DNA-based detection. The rapid readout ofprimer

extension products through the use of single molecule detection methods make it an ideal

method ofreadout.

b. Direct detection ofmethylation sites in the genome.

The ability to directly detectDNA also allows for the direct detection ofmethylated

sites in the genome, important for the study of epigenetics, especially the role of methylation

in the determination ofwhere genes are turned on and offin the genome. Typically, the

analysis ofmethylation patterns on a strand of native DNA is not directly possible and is

assayed using indirect methods of analysis that include the use of bisulfite to deaminate the

methylated cytosines, converting them to uracils. Upon PCR amplification, the uracils are

then effectively synthesized with the complementary adenosine. This synthesis thus allows

for analysis of the methylated sites then via sequencing or hybridization-based approaches to

determine the locations of the methylated sites on the strand ofDNA.

Analysis using single molecule detection, however, allows the direct interrogation of

structural motifs on a strand ofnative DNA. This direct analysis allows the query of

methylation sites on a strand ofDNA directly and thus informs, through single molecule

detection, the presence or absence ofmethylated sites on a strand ofnative DNA. The

recognition ofmethylated sites on a strand ofnative DNA can be accomplished through a
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number of different methods that involve direct fluorescent tagging ofthe different sites on a

strand ofDNA. These methods include the use of well-characterized methyl binding domains

(MBDs) that recognize 5-methylcytosines for the direct detection of methylated sites in the

genome. Other methods that allow direct recognition of the sites of interest also include

5 methods of altering methylation analogues and placing at methylation sites a fluorophore

instead ofa methyl-group. These methods are well known in the art. Subtraction methods of

analysis that include demethylation/methylation techniques also allow for the rapid analysis of

methylated sites in the genome.

10 c. Directfingerprint analysis offragments using combinations oftagging techniques.

A general category of fragment identification uses combinations ofthe tagging

methods described in this patent application and sophisticated data analysis that allows the

determination of the DNA fragment that is placed through the system. This section describes

only a subset ofapproaches that describe the ability to fingerprint fragments ofDNA using

75 single molecule analysis.

One ofthe methods of analysis involves combining methods ofDNA sizing with site-

specific tagging ofDNA. For instance, the fingerprinting ofa bacterial artificial chromosome

(BAC), may be accomplished through (1) cutting with two restriction endonucieases, (2)

differential end-labeling ofthe digested fragments with different colors, (3) running the

20 fragments through the single molecule counter, and (4) determining the size of the molecules

and the differentially-labeled end tags. This level ofinformation allows the rapid

determination ofthe content of the DNA in the system. In this case, it is the fingerprinting of

BACs or other fragments ofDNA that are of interest. The following is an illustration ofthe

ability to use the single molecule counter for the analysis and fingerprinting ofunknownDNA

25 fragments.

The sample is digested using two enzymes and then end-labeled using polymerase

extension to yield differential products. The products are then sized and scored through the

use of the single molecule counter and fluorescence analysis. The products are then further

subdivided to yield the end-labeling identity of each ofthe products. This type of analysis can

30 yield a high information content analysis ofthe targetDNA molecule and lead to the direct

analysis ofthe molecules ofinterest to tell its identity and base-pair composition. Variations

on the cleavage and labeling analysis can be conceived where two reactions of the same
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sample are utilized to identify the molecule of interest. These include performing one

digestion and end-labeling reaction first In a second reaction, the same sample is subject to

two digestions and the end-labeling reaction. The combination ofthese two reactions allow

for the rapid analysis and fingerprinting of the system. The rapid identification ofthe

molecules through single-molecule analysis allows an instantaneous identification which

provides a readout of several seconds, in contrast to running conventional agarose gels which

take at least thirty minutes.

A variety of techniques can be conceived that use enzymatic and labeling techniques

in combination thereby facilitating identification and recognition of a nucleic acid molecule.

Combinations ofthese reactions can be performed on the same sample in two different

reactions or on the same sample in succession. The possibilities are large and thus allows a

rapid analysis of all the fragments in a given mixture with ease and speed.

d. Single molecule readout methods.

Single molecule readout methods pertain to two distinct areas, (1) fluorescence-based

single molecule methods and (2) non-fluorescence-based single molecule detection methods.

In the case of fluorescence single molecule detection methods, these fall into those requiring

the use ofpoint detectors (i.e. APDs and photomultiplier tubes) and those requiring the use of

imaging detectors.

V. Direct nucleic acid molecule analysis.

The foregoing methods can employ a DirectRNA™ platform that includes a

microfluidics and lithography design. The platform is flexible and compatible with a wide

range of sample types and assays. It provides for single molecule detection and can analyze

samples that are on the order of nanoliters. It is to be understood that the following methods

are equally applicable to various types of nucleic acid molecules including DNA and RNA

molecules.

a. Coincidence counting.

As discussed above, the methods of the invention can be used to detect and quantitate

individual nucleic acid molecules such as RNA molecules. Coincident detection allows
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nucleic acid molecules (such as RNA molecules) to be distinguished from unbound probes, as

shown in Fig. 27.

It also allows target molecules that are bound by two probes to be distinguished from

those bound by only one probe (where a two probe binding event is a desired). It can be

5 further used to distinguish mismatch-containing hybrids between target molecules and dual

labeled probes from perfectly formed hybrids (i.e., without mismatch).

RNA targets can be labeled with detectable molecules either by hybridization (in some

'

instances preferred for samples harvested from in vivo sources) or incorporation of

fluorescent labeled nucleotides by reverse transcription. This latter labeling method can be

10 used to prepare RNA samples for optimizing a system, although it is not so limited.

Two color coincident detection was used to minimize non-specific background

signals, thereby achieving a higher signal to noise ratio than was previously attainable. The

ability to distinguish between bound and unbound probes using the detection system alone

means that there is no need for a prior column purification step to remove unincorporated

75 probe. Target molecules were detected by subtracting random coincident from total

coincident peaks. The method provides for ultra-rapid detection on the order of 20-20,000

molecules typically detected in one minute.

Coincident detection can also take the form of coincident binding events even without

the detection oftwo or more colors. In these embodiments, the binding events can be oftwo

20 unit specific markers, one ofwhich is attached to a donor FRET fluorophore and the other of

which is attached to an acceptor FRET fluorophore. Upon proximal binding of the unit

specific markers to a target molecule and excitation of the donor fluorophore, emission of the

acceptor will be observed without its direct excitation by its corresponding excitation laser.

"Proximal binding" refers to the distance between binding ofthe unit specific markers

25 sufficient to ensure that energy transfer can take place between the donor and acceptor

fluorophores ofthe FRET pair.

Coincident detection can also take the form ofproximal localization of donor and

acceptor FRET fluorophores following probe extension. That is, a target molecule can be

hybridized to a unit specific marker which is attached to either a FRET fluorophore. A new

30 nucleic acid molecule is then synthesized extending from the unit specific marker. The newly

synthesized nucleic acid molecule will incorporate nucleotides that are labeled with the

alternate FRET fluorophore. That is, ifthe FRET fluorophore attached to the unit specific
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marker is a donor FRET fluorophore, then the incorporated FRET fluorophore is an acceptor,

and vice versa. In still another variation, the incorporated fluorophores can be a mixture of

donor and acceptor fluorophores, and incorporation of a plurality of each (provided at

proximal distances to each other) will result in a stronger intensity signal.

5

b. System performance ofDirectRNA™ technology.

Fig. 28 illustrates detection of a dual labeled oligonucleotide. A 40 nucleotide nucleic

acid molecule was labeled at its 3
' end with TAMRA and at its 5' end with Cy5. The loading

sample volume was less than 0.5 nanoliters. As shown in Fig. 28, the detection response is

10 linear over 3+ orders ofmagnitude. The inset shows that the method also works at

oligonucleotide concentrations on the fentomolar (fM) order (i.e., less than 10 molecules).

The method is also highly reproducible with a CV of less than 10%. Fig. 29 shows screen

capture of 50 milli-second data from selected samples from Fig. 28.

15 c. High specificity and sensitivity assaysfor single target molecules.

Two of several assays were then validated. The design of these assays is shown in

Fig. 30. These assays are the dual probe hybridization and probe extension assays. In both

cases, sense and antisense RNA templates oftwo E. coli genes (spike 1 of750 bp and spike 8

of2 kb) as well as fi-Actin (1.8 kb) and lamin A/C (1.1 kb) genes were expressed and used as

20 models to validate DirectRNA™ assays and technologies.

With the dual probe hybridization assay, 4 |ag total human RNA from Hela S3 cells

were mixed with E. coli RNA sense or antisense template and two E. coli oligonucleotides

(one labeled with Cy5 and the other labeled with TAMRA) in hybridization buffer in a 20 [il

total volume. The mixture was denatured at 70°C for 10 minutes and hybridized at 55°C for 1

25 hour. The sample was purified by size-exclusion column and eluted in 20 ^1 10 mM Tris

buffer. E. coli RNA template was present at a concentration of200 pM and E. coli probes

were present at a concentration of 1 nM each in the final solution. Each sample was then

analyzed on DirectRNA™ platform for two minutes. The assay is very specific for sense E

coli spike in total RNA background as shown in Fig. 3 1 . It was further demonstrated that the

30 column purification step can be eliminated using coincident detection without sacrificing high

specificity and sensitivity (comparison data not shown).
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With the probe extension assay, 4 ng human total RNA from Hela S3 cells were

mixed with E. coli sense or antisense template and one E. coli oligonucleotide (labeled with

Cy5 at 5
1 end) in a 20 jal total volume. The mixture was denatured at 70°C for 10 minutes and

hybridized at 55°C for 2 hours. Then reverse transcriptase and a dNTP mixture including

5 TAMRA-labeled dCTP were added to the mixture which was then incubated at 42°C for 2

hours. The sample was purified by size-exclusion column and eluted in 30 fil 10mM Tris

buffer. E. coli RNA template was present at a concentration of 88 pM in the final solution.

The assay proved specific for sense K coli spike in total RNA background as shown in Fig.

32. The label at the 5' end is specific for sense RNA. Reverse transcription incorporates

10 labeled nucleotides along the length ofthe newly synthesized nucleic acid molecule. Fig. 32

further illustrates the large signal to noise ratio attainable with this approach. Similar multi-

color reactions and detection schemes were used to detect endogenous fi-Actin in total human

RNA with different amounts of spiked E. coli RNA (data not shown).

The probe extension assay also provides a means for determining the integrity of the

15 nucleic acid sample. This is particularly important forRNA samples given the fragility of

RNA. The method is dependent upon the relationship between the length of a template target

RNA molecule (i.e., the single nucleic acid molecule ofthe claims) and the signal intensity of

a nucleic acid molecule synthesized from a primer (e.g., a unit specific marker) and

complementary to the target RNA molecule. That is, the longer the template RNA, the more

20 labeled nucleotides will be incorporated into the newly synthesized nucleic acid, and thus the

stronger the signal from that newly synthesized strand. Short RNA templates will only yield

short complementary strands and therefore the possibility of labeled nucleotide incorporation

is limited and the resulting signal will have a smaller intensity than would a longer strand.

Using the dual probe hybridization assay, E. coli spike 1 was titrated from 400 pM to

25 400 fM in 2 jig total human RNA. The assay demonstrates linearity over at least 3 orders of

magnitude, as well as high reproducibility (i.e., CV <10%) and very high sensitivity in a

complex total human RNA background. Titration ofE. coli template in 2 jig total human

RNA from 25 pM to 400 fM is shown in Fig. 33. As shown in Table 1, 0,5 copies per

million totalRNA molecules or 2.5 molecules per 100,000 mRNAs were detected,

30 demonstrating that DirectRNA™ technology can detect low copy genes reliably.



WO 03/100101 PCTYUS03/16902

-59-

The assays were used to quantitate the levels of lamin A/C and 6-Actin transcripts in

2 jig total RNA from different tissues and cells. The results are shown in Fig. 34. In all

cases, less than a nanoliter volume from a 30 jJ source was used.

5 Table 1 : DirectRNA™ Analysis - Current Sensitivity*

mRNA Abundance Copies/Cell Copies/10
5
transcripts

high 15,000 5,000

medium 150 50

10 low 3 1

USG-low 3-10 1-3

*Assuming 300,000 transcripts per cell.

cL Quantitation ofpoly (A)+ RNA level and quality,

15 The number ofpoly(A)
+ RNA molecules in total RNA or mRNA samples was

measured by incorporating TAMRA labeled dNTP into reverse transcription products from a

poly(T) primer labeled with Cy5 at its 5
!

end. The results shown in Fig. 35 demonstrate that

the assay is linear, reproducible and can be performed with a small starting RNA sample.

1 .4% oftotal human RNA molecules from Hela S3 cells were detected as poly(A)
+
RNA.

20 Published literature has reported that 1 to 2% of total humanRNA should be poly(A)
+ RNA.

The number ofpoly(A)
+ RNA molecules in total RNA or mRNA samples provides

normalization standards (i.e., the number of target molecules per mRNA molecules).

The assay can be used to determine the quality of harvested RNA. To be useful for

further analysis, the RNA sample should be comprised ofmostly intact and full length RNA

25 molecules. The assay can test the quality ofpoly(A)
+ RNA by determining the number of

fluorophores incorporated into reverse extension products synthesized using the RNA sample

as a template. A higher quality RNA sample will give rise to longer and more highly labeled

reverse transcription products. Reverse transcription products that are poorly labeled are

indicative of degraded RNA samples. Fig. 36 further demonstrates that the ratio of

SO incorporated green to red average peak areas from our poly(A)
+
assay indicate mRNA quality.

e. Comparison with RT-PCR.
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The results attained with DirectRNA™ were compared to those attainable with real-

time PCR (RT-PCR). Total RNA samples from Hela S3 cells were analyzed on DirectRNA™

and by RT-PCR for the presence of gene X. As shown in Fig. 37, similar results were

obtained from DirectRNA™ and RT-PCR. Thus while the technologies yield similar results,

5 RT-PCR has limitations that the DirectRNA™ technology does not. For instance, RT-PCR is

limited in its ability to analyze splice variants, microRNAs (e.g., endogenous RNAi), other

non-coding RNAs, silent alleles (e.g., due to positioning on theX chromosome, loss of

heterozygosity mutation, or methylation), rRNAs, cSNPs, snRNAs and RNA-protein

interactions. Fig. 38 shows the scheme in which DirectRNA™ can be used with gene

10 expression microarrays.

VI. Coincident detection RNA andDNA assays.

There are several ways of assaying RNA molecules based on the description provided

herein. The following section provides schematic descriptions and accompanying figures to

15 describe a subset of these assays.

Figs. 39 A and B demonstrate labeling and coincident peak detection of a single RNA

molecule using two differentially labeledDNA probes. This method was described above as

the dual probe hybridization assay. First the RNA sample is denatured in order to ensure

single stranded target sequences to which the probes can bind. Then the denatured RNA is

20 incubated with the DNA probes for a time and under conditions that allow for binding of the

probes to the target in a sequence-specific manner. In Fig. 39A this is followed by a column

purification step to remove unbound probe. However, as shown in Fig. 39B, this step is not

necessary.

Fig. 40 demonstrates the probe extension assay described above. The RNA sample is

25 first denatured and then incubated with single labeled DNA probes that serve as primers for

the reverse transcription reaction. This mixture is then incubated with reverse transcriptase

and labeled dNTPs in order to generate a reverse transcription product that is both end and

internally labeled. Fig. 40 includes a column purification step prior to analysis for coincident

peaks, although as stated earlier, this step may be eliminated without significant loss of

30 sensitivity and specificity.

A similar approach can be taken to label DNA, as shown in Fig. 50 In that example,

genomic DNA is denatured and hybridized to an extension primer. Addition ofpolymerase
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and labeled ddNTPs produces new nucleic acid molecules that are at least dually labeled.

Mismatch containing hybrids can be cleaved chemically or enzymatically. The resulting

products as well as unbound primer and unincorporated ddNTPs can be removed by column

purification, or alternatively they can be distinguished from the dually labeled hybrids using

coincident detection. In a variation of this approach, rather than cleave a hybrid at the site of

a mismatch, the hybrid is bound to a third probe that specifically recognizes the mismatch.

Mismatched versus perfect hybrids are then distinguished based on the number of detectable

coincident colors. If there are three coincident colors, this indicates a mismatch, while ifthere

are only two coincident colors, this indicates a perfect hybrid. Three color coincident events

can be excluded from the collected data. This approach is illustrated in Fig. 51 . In yet

another variation ofthis approach, denatured genomic DNA is labeled with at least two singly

labeled probes. The hybridization products are then exposed to chemical or enzyme cleavage

to cleave mismatches. Ultimately, only target molecules with both singly labeled probes are

detected since only these will demonstrate color coincidence. This approach is demonstrated

in Fig. 52.

Figs. 41 A and B demonstrate labeling of anRNA molecule using dual labeled RNA

probes. Dual labeled DNA probes could be used as well. The RNA sample is denatured and

allowed to hybridize to the dual labeled probes, following which the mixture is exposed to

KNase I in-order to cleave any mismatch areas in the resulting hybrids. The choice ofenzyme

will depend upon the nature ofthe hybrid. Thus RNase I is particularly suited for aRNA-

RNA hybrid. The RNase I cleaves single stranded RNA and thus cleaves both strands of the

hybrid at a mismatch. RNase I will also digest unbound probe thereby releasing the labels,

andRNA molecules that did not hybridize to the probe. The only molecules capable of

providing coincident color then are those that hybridized completely with the target molecule.

These molecules can be separated from cleaved hybrid fragments and released labels using

column purification (as shown in Fig. 41A) although this is not necessary (as shown in Fig.

41B.

As stated above, the latter assay can be carried out using dual labeled DNA probes, as

demonstrated in Figs. 42 A and B. The only difference is that rather than the sole use of

RNase I, a combination ofRNase I and SI nuclease is used to digest hybrid mismatches.

RNase I cleaves the single strandedRNA at the site ofthe mismatch while SI nuclease

cleaves the single stranded DNA probe. The remaining steps are identical to those described
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above. This assay can be performed with genomic DNA as the starting material as well as

demonstrated in Fig. 49. The genomic DNA is first denatured and then incubated with a dual

color probe that may be RNA orDNA based. If it is DNA based, then only SI nuclease is

required to remove mismatches. However ifthe probe is RNA based, then both SI nuclease

5 and RNase I are required.

Fig. 43 demonstrates a variation on Fig. 40. The variation involves an additional step

of exposing the mixture to RNase I and SI nuclease after reverse transcription. This removes

unbound probe and unbound RNA molecules.

Fig. 44 demonstrates labeling of anRNA molecule using single labeled RNA probes.

10 The RNA sample is denatured and then incubated with the single labeled RNA probes. The

mixture is then exposed to RNase I to remove unbound RNA probes and RNA molecules,

followed by an optional column purification step. Fig. 45 demonstrates a similar assay except

using single labeled DNA probes rather thanRNA probes. The enzyme step also includes a

combination ofRNase I and S 1 nuclease in order to remove unboundDNA probe and

15 unbound RNA molecules. It is important to note that in these latter two assays, the probes are

designed so as to hybridize with contiguous regions ofthe target RNA molecule, thereby

leaving no single stranded region on the target between the binding ofthe probes.

Fig. 46 demonstrates the use ofa ligase to ligate singly labeled probes that hybridize

proximaliy to each other. Ligation ofthe singly labeled probes may increase the stability of

20 the hybrid.

Fig. 47 demonstrates the use ofmolecular beacon probes to label RNA molecules.

When unbound to their targets, the probes form a hairpin structure and do not emit

fluorescence since one end ofthe molecular beacon is a quencher molecule. However, once

bound to their targets, the fluorescent and quenching ends of the probe are sufficiently

25 separated so that the fluorescent end can now emit Labeling an RNA molecule with two of

these molecular beacon probes, each with a different fluorescent marker, results in a dually

labeled RNA molecule that can be analyzed for coincident peaks.

Figs. 48 A and B demonstrate the use ofprobes designed to hybridize contiguously so

as to transfer energy from one probe label to another. When the fluorophores are located

30 close together, and excited with a laser that excites the lower wavelength fluorophore, then

emission from the second fluorophore is detectable. Most ifnot all the energy from the first

fluorophore is captured by the second fluorophore. If it is not, then color coincident detection
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is possible. Ifon the other hand, the probes hybridize to the target at separate sites, then only

emission from the first fluorophore is detected. This is the case also if only the first

fluorophore hybridizes to the target. If only the second fluorophore binds to the target, then

there is no emission detected at all. Fig. 48A illustrates that the samples can be cleaned using

5 incubation with RNase I and SI nuclease and a column purification step. Fig. 48B

demonstrates the assay with only the optional column purification to remove unbound probes.

The probes in either embodiment can be RNA or DNA probes. Labeling ofDNA molecules

using the same strategy is illustrated in Fig. 55.

A similar approach can be taken in analysis of single DNA molecules as illustrated in

JO Fig. 53 . In this approach, genomic DNA is denatured and hybridized with a dual labeled

FRET probe, and then subjected to chemical or enzymatic cleavage to cleave mismatch

containing hybrids. Ifa FRET sequence is present, this indicates that the dual labeled FRET

probe formed a perfect hybrid with the target molecule, and sequence information is therefore

attainable.

15 The presence ofhomozygous or heterozygous sequences in a sample can also be

determined using color coincident detection, as shown in Fig. 54. In this approach, genomic

DNA is denatured and hybridized with probes containing two different donor fluorophores.

The hybridized probes are then used as primers for a polymerase reaction in the presence of

two different acceptor fluorophores. There exist four possible outcomes for the donor and

20 acceptor pairings, however only two ofwhich will be properly paired to emit acceptor

fluorescence after excitation from donor emission. Ifemission from only one acceptor is

observed, then the sample was homozygous for the target sequence. Iftwo emissions are

observed, then the sample was heterozygous for the target sequence.

In Fig. 56, genomicDNA is denatured and hybridized with extension primers and a

25 sequence-specific primer. Following a primer extension reaction and an optional clean up

step, the resulting hybrids are analyzed for particular FRET signals. Specific FRET signals

indicate the presence or absence of a particular SNP.

VII. Universally labeling oligonucleotide probes.

30 The invention also provides methods for labeling of sequence-specific

oligonucleotides with detectable labels such as dyes through a universal linking mechanism.



WO 03/100101 PCT/US03/16902

-64-

a. Universal labeling ofa nucleic acid molecule.

In one embodiment, short locked nucleic acid (LNA) oligonucleotides labeled with a

detectable molecule (e.g., a fluorophore) are designed to hybridize to a universal arm flanking

a sequence-specific probe. This configuration is illustrated in Fig. 58. The LNA can also be a

5 PNA similarly labeled and capable ofbinding to its complement sequence on the universal

arm flanking the sequence-specific probe. Fig. 57 demonstrates how such a universal linker

may be used together with FRET technology. Sequence-specific probes are first placed in a

well together with LNA or PNA labeled linkers. An RNA sample is then added to the well

and allowed to hybridize to the probes. The Figure illustrates the possible outcomes

10 following RNA addition. The dually labeled target RNA molecule can be distinguished from .

the free probes based on color coincident detection and FRET. Ifboth probes are hybridized

to the target within close proximity to each other then the donor fluorophore will transfer its

emission energy to the acceptor fluorophore and the acceptor fluorophore will emit its

characteristic wavelength. In the case of free probes, only the emission of the donor

75 fluorophore will be observed.

b. Biotin-streptavidin labeling.

In this approach, streptavidin labeled with a detectable marker (e.g., a fluorophore)

binds to biotin that is conjugated to the sequence specific probes.

20

c. Antigen/antibody conjugates.

An antigen - antibody conjugate system such as an Fl antigen and Fl specific

antibody can be used to detect nucleic acid molecules. For example, the antibody is labeled

with a detectable molecule (e.g., a fluorophore). This antibody binds to the Fl antigen that is

25 conjugated to the sequence-specific probes

.

d Increasing signal intensity by using a universal linking mechanism.

It is possible to achieve higher signals from a single binding event by increasing the

number of detectable labels per probe. For example, both the streptavidin and Fl -specific

30 antibodies described above can be labeled with multiple detectable labels (e.g., multiple

identical fluorophores). In addition, dendrimer dyes and quantum dots can be used to increase

signal intensity from a single binding event.
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Equivalents

It should be understood that the preceding is merely a detailed description of certain

embodiments. It therefore should be apparent to those ofordinary skill in the art that various

5 modifications and equivalents can be made without departing from the spirit and scope ofthe

invention, and with no more than routine experimentation. It is intended to encompass all

such modifications and equivalents within the scope of the appended claims.

All references, patents and patent applications that are recited in this application are

incorporated by reference herein in their entirety.

We claim:
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Claims

1 . A method for analyzing a single nucleic acid molecule comprising

exposing a single nucleic acid molecule to at least two distinguishable

detectable labels for a time sufficient to allow the detectable labels to bind to the single

5 nucleic acid molecule, and

analyzing the single nucleic acid molecule for a coincident event using a single

molecule detection system,

wherein the coincidence event indicates that the at least two distinguishable detectable

labels are bound to the single nucleic acid molecule.

10

2. The method of claim 1, wherein the single nucleic acid molecule is denatured

to a single stranded form.

3. The method of claim 1, wherein the single nucleic acid molecule is an RNA.

15

4. The method ofclaim 1, wherein the single nucleic acid molecule is linearized

or stretched prior to analysis.

5. The method of claim 1, wherein the at least two distinguishable detectable

20 labels are present on different unit specific markers.

6. The method of claim 1, wherein the at least two distinguishable detectable

labels are present on the same unit specific marker.

25 7. The method of claim 6, further comprising exposing the single nucleic acid

molecule to a third detectable label that binds specifically to a mismatch between the single

nucleic acid molecule and the unit specific marker, and wherein a coincident event between

the first, second and third detectable labels is indicative of a mismatch.

30 8. The method of claim 1, further comprising exposing the single nucleic acid

molecule and detectable labels to a chemical or enzymatic single stranded cleavage reaction

prior to analyzing the single nucleic acid molecule.
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9. The method ofclaim 8, wherein the enzymatic single stranded cleavage

reaction uses a single stranded RNA nuclease, a single stranded DNA nuclease, or a

combination thereof

10. The method of claim 9, wherein the single stranded RNA nuclease is RNase I.

1 1 . The method of claim 9, wherein the single stranded DNA nuclease is S

1

nuclease.

12. The method of claim 1 , further comprising a column purification step.

13. The method of claim 1 , wherein the coincident event is a color coincident

event

14. The method of claim 1 , wherein one detectable label is attached to a unit

specific marker.

15. The method of claim 14, further comprising exposing the single nucleic acid

molecule to the labeled unit specific marker in the presence of a polymerase and labeled

nucleotides, provided the unit specific marker and nucleotides are differentially labeled.

16. The method of claim 1 5, wherein a new nucleic acid molecule is formed

starting at the unit specific marker and is complementary to the single nucleic acid molecule.

17. The method of claim 1 6, wherein the new nucleic acid molecule has a signal

intensity proportional to its length, and wherein the method is a method of determining

integrity ofthe single nucleic acid molecule.

1 8 . The method of claim 1 5, wherein the unit specific marker and nucleotides are

labeled with aFRET fluorophore pair.
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19. The method ofclaim 1, wherein one detectable label is attached to a unit

specific marker and is a first FRET fluorophore, and the other detectable label is incorporated

into a newly synthesized nucleic acid molecule hybridized to the single nucleic acid molecule

and is the donor or acceptor ofthe first FRET fluorophore.

5

20. The method ofclaim 15, wherein the polymerase is a DNA polymerase.

21 . The method of claim 1 5, wherein the polymerase is a reverse transcriptase.

10 22. The method of claim 1 , wherein the single nucleic acid molecule is present in a

nanoliter volume.

23. The method of claim 1, wherein the single nucleic acid molecule is present in

at a frequency of 1 in 1,000,000 molecules in an RNA sample.

24. The method ofclaim 1 , wherein the coincident event is the proximal binding of

a first detectable label that is a donor FRET fluorophore and a second detectable label that is

an acceptor FRET fluorophore, and wherein a positive signal is a signal from the acceptor

FRET fluorophore upon laser excitation ofthe donor FRET fluorophore.

25 . The method of claim 24, wherein the single molecule detection system

comprises one detector and one laser.

26. The method of claim 1 , wherein the detectable labels are present on a unit

25 specific marker that is a DNA, RNA, PNA, LNA or a combination thereof.

27. The method of claim 5, further comprising exposing the nucleic acid molecule

to a ligase prior to analysis using the single molecule detection system.

30 28. The method of claim 1 , wherein unbound detectable labels are not removed

prior to analysis using the single molecule detection system.

PCT/US03/16902
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29. The method ofclaim 1 , wherein the detectable labels are provided as molecular

,

beacon probes.

30. The method ofclaim 1, wherein at least one detectable label is attached to a

5 nucleic acid molecule hybridized to a universal linker attached to a unit specific marker.

31. A composition comprising

a unit specific marker attached to a universal linker that is hybridized to a

complementary nucleotide sequence attached to a detectable label.

10

32. A method for characterizing a polymer sample, comprising

contacting the polymer sample with a plurality of unit specific markers, each of the

plurality having a unique and distinct label,

wherein, when bound to the polymer, individual unit specific markers are spaced apart

15 on the polymer such that, ifthe labels were not distinct from each other, they would be

separated by a distance less than the detection resolution

33. The method ofclaim 32, wherein the polymer is a nucleic acid molecule.

20 34. The method of claim 33, wherein the nucleic acid molecule is free-flowing.

35. The method of claim 33, wherein the nucleic acid molecule is fixed to a solid

support.

25 36. The method of claim 33, wherein the nucleic acid molecule is imaged directly.

37. The method ofclaim 32, wherein the unique and distinct labels are substrates

for an enzymatic reaction.

SO 38. The method of claim 37, wherein the enzymatic reaction is selected from the

group consisting of a primer extension reaction and a ligase-mediated reaction.
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39. The method of claim 33, wherein the nucleic acid molecule is analyzed using a

Gene Engine system.

40. The method ofclaim 32, wherein the polymer is not pre-amplified.

41. The method ofclaim 32, wherein the polymer is single stranded.

42. The method ofclaim 37, wherein the enzymatic reaction produces a detectable

product.

43. The method of claim 42, wherein the detectable product is not amplified.

44. The method of claim 32, wherein the polymer is detected using a backbone

specific label.

45 . A method for characterizing a polymer, comprising

fixing the polymer to a solid support,

contacting the polymer sample with a plurality of unit specific markers, each of the

plurality having a unique and distinct label, and

determining a pattern ofbinding ofthe plurality of unit specific markers to the

polymer,

wherein, when bound to the polymer, individual unit specific markers are spaced apart

on the polymer such that, ifthe labels were not distinct from each other, they would be

separated by a distance less than the detection resolution.

46. The method of claim 45, wherein the polymer is a nucleic acid molecule.

47. The method of claim 46, wherein the nucleic acid molecule is denatured to a

single-stranded form.

48. The method ofclaim 45, wherein the labels are substrates for enzyme

reactions.
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49. The method of claim 48, wherein the enzyme reactions produces a detectable

product

50. The method of claim 49, wherein the presence of a detectable product is

determined using a single molecule detection system.

5 1 . The method ofclaim 45, wherein the presence of a detectable product indicates

.

the pattern ofbinding ofthe plurality of unit specific markers to the polymer.

52. The method of claim 49, wherein the detectable product is not amplified.

53. The method of claim 45, wherein the polymer is detected using a backbone

specific label.

54. The method of claim 45, wherein the polymer is fixed to the solid support in a

random orientation.

55. The method of claim 45, wherein the polymer is fixed to the solid support in a

non-continuous manner.

56. The method ofclaim 45, wherein the polymer is characterized by the presence

of single nucleotide polymorphisms, microsatellites, insertions, or deletions.

57. The method of claim 45, wherein the unique and distinct labels are differential

intensity fluorescent tags.

58. A method for characterizing a polymer sample, comprising

contacting the polymer sample with a plurality of unit specific markers, each ofthe

plurality having a label, and

measuring the distance between consecutive unit specific markers bound to a polymer,
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wherein tbe distance between the consecutive unit specific markers is indicative of a

particular haplotype ofpolymer.

59. The method ofclaim 58, wherein each of the plurality of unit specific markers

5 is labeled with an identical label.

60. The method of claim 58, wherein the labels are differential intensity

fluorescent labels.

10 61 . A method for characterizing a polymer, comprising

attaching a plurality ofunit specific markers in a spatially defined manner to an array

on a solid support,

contacting the plurality of unit specific markers with an unamplified polymer, and

determining a pattern ofbinding of the unamplified polymer to the plurality ofunit

75 specific markers.

62. The method of claim 61, wherein polymer is a nucleic acid molecule.

63. The method ofclaim 62, wherein the nucleic acid molecule is not amplified.

20

64. The method of claim 61, wherein the pattern of binding ofthe polymer to the

plurality ofunit specific markers indicates a haplotype for a plurality of genetic loci.

65. The method of claim 61, wherein each spatially defined position in the array is

25 occupied by a haplotype specific unit specific marker.

66. The method of claim 61 , wherein the specific unit specific marker is specific

for a polymorphism.

30 67. The method of claim 66, wherein the polymorphism is selected from the group

consisting of an single nucleotide polymorphism, a deletion, an insertion, and a genomic

amplification.
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68. The method of claim 61, wherein the polymer is derived from a single somatic •

cell hybrid.

69. The method ofclaim 6 1 , wherein the polymer is a homogenous sample of one

chromosome allele.

70. The method of claim 61, wherein each spatially defined position in the array is

occupied by an allele specific unit specific marker.

71 . A method for determining the haplotype of a nucleic acid sample comprising

amplifying nucleic acid molecules in a nucleic acid sample using an allele-

specific polymerase chain reaction (PGR) and a set of four primers, and

analyzing the amplified nucleic acid molecules using a single molecule

detection system,

wherein each primer in the set of four primers is unique at its 3' end and is labeled

with a unique detectable label.

72. The method ofclaim 7 1 , wherein the nucleic acid sample is in solution.

73. The method ofclaim 71, wherein the single molecule detection system is a

flow system.

74. A method for determining a length of a nucleic acid molecule comprising

labeling a nucleic acid molecule with a detectable label, and

analyzing the labeled nucleic acid molecule using a single molecule detection system,

wherein the single molecule detection system comprises a narrow channel positioned

within an excitation beam, and

the labeled nucleic acid molecule is passed through multiple confocal spots and an

average intensity ofthe labeled nucleic acid passing through the multiple confocal spots is

determined.
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75 . A method for detennining a length of a nucleic acid molecule comprising

labeling a nucleic acid molecule with a detectable label, and

analyzing the labeled nucleic acid molecule using a single molecule detection system,

wherein the single molecule detection system comprises an excitation volume to

diffraction spot ratio of greater than 1 0, and

the labeled nucleic acid molecule is passed through a diffraction spot and an integrated

intensity ofthe labeled nucleic acid passing through the diffraction spot is determined.

76. A method for determining a length of a nucleic acid molecule comprising

labeling a nucleic acid molecule with a detectable label, and

analyzing the labeled nucleic acid molecule using a single molecule detection system,

wherein the labeled nucleic acid molecule is imaged using a uniform illumination

source, and an integrated intensity ofthe labeled nucleic acid passing through the diffraction

spot is determined.

77. The method of claim 45, 75 or 76, further comprising determining a velocity of

the labeled nucleic acid passing through the single molecule detection system.

78. The method ofclaim 77, wherein the velocity ofthe labeled nucleic acid is

determined using multiple confocal illumination spots.

79. The method ofclaim 74, 75 or 76, wherein the detectable label is covalently

conjugated to the nucleic acid molecule.

80. The method ofclaim 74, 75 or 76, wherein the detectable label is a

fluorophore.

8 1 . The method of claim 74, 75 or 76, wherein the nucleic acid molecule is

uniformly labeled along its length.

82. A method for determining the gene profile of a cell comprising
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contacting a unit specific marker with an unamplified nucleic acid sample from

a single cell, and

determining the binding of the unit specific marker to the nucleic acid sample

using a single molecule detection system,

5 wherein binding ofthe unit specific marker to the nucleic acid sample indicates that

the single cell contains a specific nucleic acid molecule.

83. The method ofclaim 82, wherein the nucleic acid sample is anRNA sample.

10 84. The method ofclaim 82, wherein the nucleic acid sample is a cDNA sample.

85. The method of claim 82, wherein the nucleic acid sample is a genomic DNA

sample.

15 86. The method of claim 82, wherein the single cell is a precursor cell.

87. The method of claim 82, wherein the single cell is a stem cell.

88. The method of claim 82, wherein the single cell is selected from the group

20 consisting ofa hemopoietic cell, a neural cell, a liver cell, a skin cell, a cord blood cell.

89. The method of claim 82, wherein the single cell is a cancer cell.

90. The method of claim 82, wherein the single cell is an acute leukemia cell or a

25 Reed Sternberg cell.

9 1 . The method of claim 82, wherein the single cell is an embryo cell.

92. The method of claim 82, wherein the unit specific marker hybridizes to an

30 expressed nucleic acid molecule.
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93. The method of claim 82, wherein the unit specific marker hybridizes to an

RNA molecule.

94. The method ofclaim 82, wherein the unit specific marker hybridizes to a

5 genomic DNA molecule.

95. The method of claim 82, wherein the unit specific marker is specific for a

genetic abnormality.

10 96. The method of claim 82, wherein the unit specific marker is a plurality of unit

specific markers.

97. The method ofclaim 82, wherein determining the binding ofthe unit specific

marker to the nucleic acid sample comprises determining a pattern of binding of the unit

75 specific marker to the nucleic acid sample.

98. The method ofclaim 82, wherein the unit specific marker is a unit specific

marker that binds to a known nucleic acid molecule.

20 99. The method ofclaim 82, further comprising comparing the pattern ofbinding

ofthe unit specific marker to a second binding pattern.

1 00. The method of claim 99, wherein the second binding pattern is of a different

cell.

25

101. The method of claim 99, wherein the second binding pattern is of a non-

cancerous cell.

1 02. The method of claim 99, wherein the second binding pattern is of a

30 differentiated cell.
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103. The method of claim 82, wherein the unit specific marker is conjugated to a

detectable label.

104. The method of claim 103, wherein the detectable label is selected from the

5 group consisting of differential intensity fluorophores, differential lifetime fluorophores, and

fluorescence resonance energy transfer (FRET) fluorophores.

105. The method of claim 82, wherein the binding ofthe unit specific marker to the

nucleic acid sample is determined by imaging.

10

106. The method ofclaim 82, wherein the binding of the unit specific marker to the

nucleic acid sample is determined by confocal detection.

1 07. A method for quantitating a nucleic acid molecule in a cell comprising

contacting a unit specific marker with an unamplified nucleic acid sample from

one or more cells, and

measuring the level of binding of the unit specific marker to the nucleic acid

sample using a single molecule detection system,

wherein the unit specific marker is conjugated to a detectable label, and

wherein the level ofbinding of the unit specific marker to the nucleic acid sample is

indicative to the level ofthe nucleic acid molecule in the sample.

108. A method for determining the presence of a polymorphism in a nucleic acid

molecule comprising

25 allowing a wild type unit specific marker of a specified length to hybridize to a

nucleic acid molecule in a nucleic acid sample from one or more cells,

then exposing the nucleic acid sample, after hybridization and washing, to an

enzymatic or chemical reaction in order to cleave a heteroduplex at a single stranded region,

and

30 detecting one or more cleavage products ofthe enzymatic or chemical reaction

using a single molecule detection system,

15

20
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wherein the wild type unit specific marker is labeled at one or both ends with a first

detectable label,

the nucleic acid molecule in the nucleic acid sample is labeled at one or both ends with

a second detectable label that is distinct from the first detectable label, and

a double stranded cleavage product having both first and second detectable labels and

a length of less than the specified length ofthe wild type unit specific marker is indicative of a

.

polymorphism in the nucleic acid molecule from the nucleic acid sample.

1 09. The method ofclaim 1 08, wherein the nucleic acid sample is an amplified

sample and the method detects errors in an amplification process.

110. The method ofclaim 108, wherein the second detectable label is incorporated

into the nucleic acid molecule during the amplification process.

111. The method ofclaim 108, wherein the enzymatic reaction is a reaction with an

enzyme selected from the group consisting of endonuclease VII and RNase.

1 12. The method ofclaim 108, wherein the chemical reaction comprises reaction

with osmodium tetroxide.

113. The method ofclaim 108, wherein the nucleic acid molecule is DNA.

114. The method of claim 1 08, wherein the nucleic acid molecule is RNA.

1 15. The method of claim 108, wherein the wild type unit specific marker is labeled

at its V end and the nucleic acid molecule is labeled at its 5' end.

116. The method ofclaim 108, wherein the wild type unit specific marker is labeled

at its 5' end and the nucleic acid molecule is labeled at its 3
5

end.

1 17. The method ofclaim 108, wherein the wild type unit specific marker and the

nucleic acid molecule are both labeled at their 3' and 5' ends.
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1 1 8. The method ofclaim 1 08, wherein the detection ofthe cleavage products is not

dependent upon amplification of the cleavage products.

119. A method for determining the presence of a polymorphism in a nucleic acid

molecule comprising

amplifying one or more nucleic acid molecules using a first and a second

primer to form an amplified nucleic acid sample having amplified nucleic acid molecules of a

defined length,

denaturing and re-hybridizing the amplified nucleic acid sample, and

then exposing the re-hybridized, amplified nucleic acid sample to an enzymatic

or chemical reaction in order to cleave a heteroduplex at a single stranded region, and

detecting one or more cleavage products of the enzymatic or chemical reaction

using a single molecule detection system,

wherein the first primer is labeled with a first detectable label, and the second primer

is labeled with a second detectable label distinct from the first detectable label, and

a double stranded cleavage product comprising either the first or the second detectable

label and a length of less than the defined length ofthe amplified nucleic acid molecules is

indicative ofa polymorphism in an amplified nucleic acid molecule from the amplified

nucleic acid sample.

120. The method of claim 1 19, wherein the re-hybridized, amplified nucleic acid

sample is fixed to a solid support prior to the enzymatic or chemical reaction at either or both

ends.

121. The method of claim 1 1 9, wherein the double stranded cleavage product is

fixed on a solid support and imaged.

1 22. A method for identifying the source of a nucleic acid molecule comprising

digesting a nucleic acid molecule with a first and a second restriction

endonuclease to form nucleic acid fragments,
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labeling a first end of a nucleic acid fragment with a first detectable label, and

labeling a second end of the nucleic acid fragment with a second detectable label that is

distinct from the first detectable label to form an end-labeled nucleic acid fragment,

analyzing the end-labeled nucleic acid fragment using a single molecule

5 detection system to detect the first and second detectable label, and determine a length ofan

end-labeled nucleic acid fragment by measuring a distance between the first and the second

detectable labels for each end-labeled nucleic acid fragment,

wherein prior to labeling the first end and the second end ofthe nucleic acid fragment

are different, and

JO a plurality of lengths of a plurality of end-labeled nucleic acid fragments identifies the

source of a nucleic acid molecule.

123. The method ofclaim 122, wherein the first end and the second end ofthe

nucleic acid fragment are selected from the group consisting of a 3
5

overhang, a 5' overhang,

15 and a blunt end.

124. The method ofclaim 122, wherein the first and second detectable labels are

conjugated to the nucleic acid fragments indirectly.

20 125. The method ofclaim 122, wherein the first and second detectable labels are

conjugated to the nucleic acid fragments using a polymerase reaction.

126. The method ofclaim 125, wherein the polymerase reaction comprises an

additional primer.

25

127. The method of claim 122, wherein one or both the first and second restriction

endonucleases are chimeric.

128. The method of claim 122, wherein the nucleic acid molecule is unamplified.

30

129. The method ofclaim 122, wherein the nucleic acid molecule is a bacterial

artificial chromosome (BAC).
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130. The method of claim 122, wherein the nucleic acid molecule is a yeast

artificial chromosome (YAC).

131. The method of claim 122, wherein the nucleic acid molecule is from a forensic

sample.

132. The method of claim 122, wherein the nucleic acid molecule is from a sample

intended for paternity determination.

133. The method of claim 122, wherein the nucleic acid molecule is labeled with a

non-specific backbone label.

134. The method of claim 1 22, wherein the nucleic acid fragment is labeled with a

non-specific backbone label.

135. A method for identifying the source of a nucleic acid molecule comprising

digesting a nucleic acid molecule with a first restriction endonuclease to form

nucleic acid fragments,

labeling nucleic acid fragments with a non-specific backbone label,

analyzing the labeled nucleic acid fragments using a single molecule detection

system, and

determining a length ofthe labeled nucleic acid fragment by measuring a time

between the first detected non-specific backbone label and the last detected non-specific

backbone label for each end-labeled nucleic acid fragment,

wherein, prior to labeling, the first end and the second end of the nucleic acid fragment

are different, and

a plurality of lengths of a plurality of end-labeled nucleic acid fragments identifies the

source of a nucleic acid molecule.
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136. The method of claim 135, wherein the first end and the second end ofthe

nucleic acid fragment are selected from the group consisting of a 3' overhang, a 5' overhang,

and a blunt end.
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